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The bioleaching potential of thermophilic archaea Acidianus brierleyi and mesophilic 
bacteria Acidithiobacillus thiooxidans for spent hydrotreating catalyst was investigated. Two 
types of Ni-Mo hydroteating catalyst were examined: Type I (KF 840) Ketjenfine spent 
hydrotreating catalyst and Type II (DN-3110) Criterion Catalysts. The catalyst were decoked 
to determine the effect of pretreatment on metal leaching. Spent catalyst was physically and 
chemically characterized and subjected to one step, two step and spent medium leaching by 
both the bacteria.  Bulk metal composition of Type I spent catalyst was 31% Al, 10% Mo and 
2.5% Ni while Type II spent catalyst contained 49% Fe, 19% Al, 8.5% Mo and 2% Ni. 
Decoking removed coke, sulfur and other volatile impurities from the spent catalyst surface 
and oxidized the metal sulfides in the coked catalyst. Analysis of the catalyst revealed a 
heterogeneous distribution of metals on the surface and multiple oxidation states of metal 
compounds in the coked and decoked catalyst.  
Microbially-produced sulfuric acid was found to be the controlling factor, suggesting 
non contact mechanism to be occurring. Spent medium leaching was found to be most 
effective amongst all three bioleaching methods examined. More than 90% recovery was 
achieved, at 93% Mo, 98% Ni from Type I decoked catalyst, and 90% Fe, 99% Ni from Type 
II coked catalyst and 98% Mo from the Type II decoked catalyst. Al was leached at 76% from 
Type I decoked catalyst and 67% from Type II coked catalyst. Bioleaching was more 
effective than chemical leaching (up to 30%) for Mo and Ni. Thermophilic leaching 
efficiency was significantly higher than mesophilic leaching efficiency.  A. brierleyi leaching 
performance was 23-32% higher for Type I coked catalyst and 10-50% higher for Type I 
decoked catalyst. Thermophilic leaching of Type II catalyst was 17-52 % higher for coked 
catalyst and 3-34% higher for decoked catalyst. The higher concentration of sulfuric acid 
produced by A. brierleyi was responsible for higher leaching capacity of the thermophile 
compared to the mesophile. 
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The effect of leaching parameters such as nutrient concentration, pH, pulp density 
(PD) and particle size was also examined. Highest extraction rates were observed at 20 g/L 
sulfur concentration, pH 2, 2% pulp density (PD) and 100-150 µm size. Low sulfur 
concentration limited microbial activity, but concentration beyond 10 g/L did not significantly 
increase leaching efficiency. Although A. brierleyi grew at an initial medium pH 1 and 1.5, 
maximum microbial activity was observed at initial medium pH 2. The optimum pulp density 
for metal extraction was 2%, after which efficiency decreased for 4% pulp density.  Larger 
particle size range 100-150 µm resulted in increased leaching efficiency for both coked and 
decoked catalyst due to decrease in alkalinity with increased particle size. Bioleaching rate 
was observed to follow first order kinetics.  
Shrinking core model was used to determine if the rate determining step in 
bioleaching was diffusion controlled or chemical reaction controlled. Results showed that it 
was the former. Bioleaching rate equation and the order of leaching parameters (pulp density, 
pH, sulfur concentration and particle size) was predicted using first order kinetics. Negative 
reaction order for pulp density indicated reduced leaching efficiency with increasing pulp 
density while positive order for pH confirmed pH 2 as the optimal pH for effective leaching. 
Statistical analysis using multiple linear regression analysis established pH as the most 
significant parameter. Good correlation (R2=0.92) between observed and theoretical values of 
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The petroleum industry can be considered as the backbone of an economy because it 
provides the main source of energy to date. The most important part of this industry is 
petroleum refining where crude oil is converted into usable fuel. The petroleum 
industry has been facing more and more demanding economic and environment 
constraints, which have led to a rapid growth in the overall refinery catalyst market. 
The global refinery catalyst market is estimated to reach $3.4 billion in 2015 from 
about $3 billion in 2010 [1]. Petroleum refining, being one of the largest 
manufacturing and processing industry, uses four major types of catalyst. These are 




Amongst these, hydroprocessing catalysts (hydrocracking and hydrotreating) are in 
highest demand in terms of value as they remove high levels of impurities present in 
crude petroleum [2]. These catalysts usually consist of molybdenum (Mo) supported 
on an alumina carrier, with promoters such as nickel (Ni), and enhance the removal of 
undesirable impurities such as sulfur, nitrogen and metals such as V and Ni present in 
the feedstock by promoting hydrodesulfurization (HDS), hydrodenitrogenation 
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(HDN) and hydrodemetallization (HDM) reactions during the hydrotreating 
operations [3].  
 
With the ever increasing need for hydroprocessing catalysts, large quantities are 
generated as solid wastes every year [3-5]. Worldwide, the quantity of spent  
hydroprocessing catalysts  generated currently is in the range of 150,000–
170,000 tons per year [6]. These statistics have been increasing in the recent years due 
to the increasing demand for clean fuels with ultra-low sulfur levels together with 
processing of low quality feedstock containing higher contents of sulfur, nitrogen, 
asphaltene etc. [7]. However, spent catalysts discarded as solid wastes from the 
hydroprocessing units of petroleum refining industries contain alumina and metals 
such as Mo and Ni in appreciable concentrations. These metals are highly valuable 
and are used extensively in the steel industry and in the manufacture of special alloys. 
These metals are usually manufactured from the ores and minerals containing them. 
Spent hydroprocessing catalysts could be used as a cheap source for these valuable 
metals, which will lead to recycling and reutilization and reduce the environmental 
problems associated with landfilling and disposal of toxic catalyst waste. In view of 
the environmental and economic benefits, increasing attention has been paid to 
develop processes for recovering metals and other valuable materials from 
hydroprocessing catalysts. Currently spent catalyst are managed industrially via 
 
 
(i) Chemical recovery and recycling of valuable metals for different applications, 
(ii) Regeneration (to extend their operational life) for reuse, and 
(iii) Landfilling (for ultimate disposal). 
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The chemical recovery of valuable metals from spent catalysts, while conferring 
economic advantage, requires the use of acids in large scale processing operations 
which generate large volumes of potentially hazardous wastes and gaseous emissions. 
In addition, the regeneration of spent catalysts unfortunately can only be applied for a 
few times, and on a limited number of catalytic systems. The ultimate disposal of 
these wastes as landfilling poses challenges, due to scarcity of landfill space as well as 
the concern for pollution caused by leaching of toxic heavy metals into the 
environment. Indeed, stringent environmental regulations deter spent catalysts from 
disposal in landfills [8, 9]. Spent hydroprocessing catalysts come under the 
controlling terms of the EPA, Basel Convention and OECD rules and cannot be 
exported to third world countries. Furthermore, the generators of the catalyst have a 
legal obligation to ensure that their spent catalysts are properly disposed of or safely 
recycled. Since spent hydroprocessing catalysts are classified as hazardous wastes, 
their safe handling and disposal in an environmentally acceptable way continues to be 
a problem of grave concern for petroleum refiners. Thus, the high cost and the 
negative environmental impacts of chemical methods have resulted in shifting the 
attention to metal reclamation by microbial application [10].    
 
Bioleaching can be considered as a suitable alternative for recovery of metals from 
solid substrate or for detoxifying heavy metal contaminated waste, along with 
conventional thermal solid waste treatment techniques. In the field of metal mining 
from ores and minerals, microbial leaching of metals present in these ores and their 
subsequent recovery has made significant strides in becoming a commercially viable 
technology. It offers attractive features such as lower cost and energy requirement, 
environmental safety, low manpower and fewer requirements of costly sophisticated 
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controls. Bioleaching has been applied in bench scale for extraction of metals from 
various solid industrial wastes for over past two decades. These include biodissolution 
of fly ash, sewage sludge, spent batteries and electronic scrap materials, which can 
serve as secondary raw materials for important metals [11-14]. Its application for 
recovery of valuable metals from spent petroleum catalysts is important significant 
study [15, 16]. 
 
To date, spent catalyst bioleaching has been focused on mesophilic microorganisms 
(growing at around 15-40°C). These include chemolithotropic bacteria such as 
Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans [17, 18] or heterotrophic 
eukaryotic fungi such as Penicillium and Aspergillus  [19, 20]. Unfortunately, the 
leaching rate has been observed to be very slow at reaction temperature of about 30oC. 
Higher pulp density also poses the problem of toxicity to the microbes. A review of 
the literature reveals that thermophilic microorganisms (which thrive at temperatures 
above 45 °C) can also oxidize metal sulfide concentrates [21-23]. The acidophilic 
thermophilic microorganisms have the potential for application in the recovery of 
metal values through the process of microbial leaching.  
 
Thermophilic microrganisms can be broadly classified into three major groups: 
moderate thermophile, extreme thermophile, and hyperthermophile. Moderate 
thermophiles have temperature optima 40-60°C, extreme thermophiles have 
temperature optima 60-80°C, whereas hyperthermophiles have temperature optima 
80-110°C [24-26].  Important moderate thermophiles of bioleaching consortium 
include the genera Acidimicrobium, Sulfobacillus, and Leptospirillium. Extreme 
thermophiles utilized in bioleaching are mostly dominated by archaea such as 
Sulfolobus, Acidianus and Metallosphaera rather than bacteria. None of the 
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hyperthermophiles are able to grow below 60 °C, with some microorganisms growing 
at temperatures as high as 105 °C [27].   
 
The rate of metal solubilization by thermophilic organisms has been demonstrated to 
be higher than mesophiles [28-30]. Unlike mesophiles, the temperature of the 
bioleaching medium can be maintained high. Their presence in both heaps (low grade 
sulfide ores) and agitated tanks (high grade sulfide concentrates) demonstrates a 
strong ability of the microbes to adapt to high metal ion concentrations in the 
leachates. Both higher temperature and microbial action can be major asset to break 
the metal bonds in the spent catalysts and result in solubility in the lixiviant. Some of 
the major advantages of using thermophilic microorganisms over mesophilic 
microrganisms are:   
 
• higher dissolution of metal (higher rate of bioleaching), and 
• large amount of acids produced during bioleaching ideal for growth of these 
microorganisms. 
 
However there are some challenges which need to be considered in high temperature 
leaching, such as the sensitivity of extreme thermophiles to high solid content and 
metallic ion concentration [31, 32]. In addition, the lower solubility of O2 and CO2 in 
water at elevated temperature can lead to gas liquid transfer limitation, and also 
hinder bioleaching kinetics. High pulp density (>20 %) is detrimental for growth of 
these microorganisms as the cell wall of Sulfolobus such as archaea, is not as rigid as 
that of mesophiles [33].  
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A systematic and detailed study of high temperature bioleaching of spent catalyst is 
necessary to provide a more productive and efficient metal leaching technology for 
the management of spent catalyst waste. Optimization of bioleaching process by 
thermophilic microorganisms has the potential of significantly increasing leaching 
efficiency. Improved extraction rates can help in industrial waste clean up and 
recovery of valuable heavy metals in an eco-friendly way.  
 
1.2 Gaps in the previous study 
 
Extensive research has been carried out on bioleaching of metals from ores and 
industrial waste. However, spent catalyst leaching by thermophiles remains 
unexplored. This is surprising since previous studies have shown that these organisms 
substantially increase the extent as well as the rate of metal extraction. To date, 
extreme thermophilies such as Acidianus brierleyi have not been examined for 
bioleaching of spent catalysts. A comparative study of thermophilic leaching with A. 
brierleyi and the commonly used bioleaching mesophilles such as Acidithiobacillus is 
required to shed light on the potential for application of high temperature leaching of 
spent catalyst.  
 
A wide array of studies have investigated the effects of leaching parameters such as 
pH, pulp density, substrate addition, particle size, on thermophilic leaching [33-35]. 
Compared to mesophiles, thermophiles are highly sensitive to leaching parameters 
such as shear, high solid loading, oxygen availability etc. Inconsistency of published 
data regarding the optimum leaching conditions necessitates a comprehensive study 
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on all factors affecting bioleaching efficiency and an understanding of the mechanism 
of spent catalyst leaching by thermophilic microorganisms.  
 
The effect of pretreatment of spent catalyst via decoking has been explored in terms 
of chemical leaching [36]. Unfortunately, there is scarcity of information on 
bioleaching of decoked catalyst and the effect of decoking on leaching characteristics. 
Another noteworthy observation on spent catalysts is the heterogenous distribution of 
metals over its bulk. Microbes can change not only the concentration of metals on the 
surface but can also alter its distribution. This is an important phenomenon because 
although microorganisms are known to affect the rate of bioleaching, its effect on the 
distribution of heavy metals on the surface of the spent catalyst is unknown.  
 
1.3 Objectives and Scope 
 
The main aim of this research is to examine the leaching potential of the extreme 
thermophile Acidianus brierleyi and compare its leaching efficiency for spent 
hydrotreating catalyst with mesophilic microorganism. This study will characterize 
both coked and decoked catalyst and investigate the role of decoking on metal 
leaching characteristics. Various factors affecting bioleaching such as pH, pulp 
density, particle size, substrate addition will be examined and the leaching 
mechanisms will be elucidated.  
 
The specific objectives of this project are listed below: 
 
(i) To characterize the physical and chemical properties of spent hydrotreating 
catalyst (coked and decoked spent catalyst). This includes: 
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• Determination of bulk elemental composition and surface distribution of 
metals. 
• Determination of specific surface area, average pore volume, morphology of 
the spent catalyst.  
• Determination of binding energy and crystal structure of the metal compounds 
present in spent catalyst. 
• Determination of toxicity characteristic leaching procedure (TCLP) of coked, 
decoked and bioleached spent catalyst. 
• Determine the effect of decoking on physical and chemical characteristics of 
the catalyst. 
 (ii) To evaluate the potential of extremely thermophilic archaea Acidianus brierleyi 
to leach metals from two types of coked and decoked spent hydrotreating catalyst and 
to investigate the mechanism of bioleaching. This includes: 
• Pure culture study of Acidianus brierleyi. 
• One step, two step and spent medium bioleaching of two types of spent 
hydrotreating catalyst. 
• A comparison of microbial leaching with chemical leaching using commercial 
inorganic acids. 
 
(iii) To compare the bioleaching efficiency of extremely thermophilic archaea 
Acidianus brierleyi with mesophilic bacteria Acidithiobacillus thiooxidans. This 
includes: 
• Pure culture study of Acidithiobacillus thiooxidans. 
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• Two step and spent medium bioleaching of two types of spent hydrotreating 
catalyst. 
• Comparison of thermophilic bioleaching of two types of spent hydrotreating 
catalyst with mesophilic bioleaching.  
 
(iv) To investigate the effect of pH, concentration of elemental sulfur, particle size, 
spent catalyst concentration (pulp density) on microbial growth and the rate of 
bioleaching. This includes: 
• Study of microbial growth and leaching efficiency at pH 1, 1.5, 2 and varying 
concentration of sufur as the energy source at 5g/L, 10g/L and 20g/L. 
• Examine the effect of different pulp density at 1%, 2% and 4% and particle 
size range at < 45 µm, 45-100 µm and 100-150 µm, on metal leaching 
efficiency.  
 
(v) To investigate the leaching reaction kinetics. This includes: 
• Examine the shrinking core model for diffusion controlled and chemical reaction 
controlled leaching rate. 
• Determination of the bioleaching rate and parameter order. 
• Statistical analysis of the leaching data using multiple linear regression. 
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2.1.1 Introduction  
 
Bioleaching is a metal solubilization process that involves the use of microorganisms to 
extract metals from insoluble solid minerals, low grade ores and industrial wastes into 
soluble form. A variety of both lithotrophic and organotrophic microorganisms are 
known to mediate the mobilization of various elements from solids through the 
production of inorganic and organic acids. Many definitions of bioleaching have been 
provided in the past. These include the following: 
(i)  Bosecker [37]:  The winning of metals with the aid of bacteria, based on the capacity 
of certain bacteria of the genus Thiobacillus to convert sparingly soluble metal 
compounds by biochemical reaction mechanisms into water soluble metal sulfides. 
(ii)  Ehrlich [38]: Extraction by solubilization of metal values from ores, mediated by 
microbes, may involve enzymatic oxidation or reduction of ore minerals or attack of the 
minerals by metabolic products with corrosive properties.  
Chapter 2                                                                                                Literature review  
	   11	  
(iii)  Kreb [21]: Bioleaching processes are based on the ability of microorganisms (both 
bacteria and fungi) to transform solid compounds, resulting in soluble and extractable 
elements which can be recovered. 
Another term “biooxidation” is sometimes used when microbial oxidation of mineral 
takes place, but the metal of interest (mostly precious metals such as gold and silver) 
remains in the solid residues and the other bioleached metals present in the mineral are 
not recovered. Biooxidation is often carried out as a pretreatment to concentrate precious 
metal ores (refractory gold ores), and other metal present in the ore are not recovered 
[39]. Both bioleaching and biooxidation are oxidation process, but where the metal to be 
recovered is extracted into the solution the process is known as bioleaching.  Indeed, 
when the metal remains in the mineral, bioleaching is considered an inappropriate tem 
and the process should strictly be referred as biooxidation [40]. “Biomining” is another 
term that includes both bioleaching and biooxidation processes [41]. Biomining is a 
generic term for commercial application of microorganisms for extraction of metals from 
iron or sulfide ores. 
Reports of metal recovery from acidic mine waters dates backs to 15th-16th century but 
commercial application of microbial metal recovery began in the mid 1940’s when 
Kennecott Mining Company utilized acidophilic bacterium Acidithiobacillus 
ferrooxidans for copper extraction from low grade ores [42]. Prior to this, metal 
solubilization was considered to be a chemical reaction mediated process [43]. Since 
then, bioleaching has made significant strides from uncontrolled dump leaching to 
mineral oxidation and leaching in designed bioheaps of low grade gold, copper and 
uranium.  
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2.1.2 Background of Biomining 
 
Demand for a wide range of metal commodities and the depletion of high grade ores have 
shifted miner’s attention towards complex polymetallic or marginal grade ores that are 
too difficult or costly to be treated by conventional chemical leaching techniques. One of 
the main attractions in the commercialization of biomining is the low operating cost, low 
energy, and the limited process controls required for its set up. Microbial processing of 
low grade mineral ores is generally considered a cost efficient and “green” technology for 
the recovery of heavy metals.  
 
Copper and gold biomining have been applied most successfully and recovered in the 
highest amounts, compared to the biomining of other metals. In general, copper is 
recovered by heap and dump leaching whereas gold is extracted using stirred tank 
technology as a pretreatment process. The first patent for microbial (A. ferroxidans) 
extraction of copper from low grade ores was granted to Kennecott Mining Company in 
1958 [44]. Another such commercial project was the BioCopTM process, developed by 
BHP Billiton in 2003, which utilized acidophilic, iron oxidizing thermophilic archaea for 
the bioleaching of chalcopyrite ores. [24]. The rationale for employing thermophilic 
microbes instead of mesophiles were the high temperatures generated from exothermic 
biooxidation of sulfide minerals and the reduced cooling requirement of reactors (since 
the thermophiles can grow well in high temperatures such as 50-80 °C). Some microbes 
are even capable of selectively leaching metals from complex polymetalic ores. This 
technique is mostly used for pretreatment of refractory gold concentrate. The first 
commercial stirred tank bioleach plant named BIOX, was commissioned in 1986 in South 
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Africa for pretreatment of sulfidic gold concentrate [45]. An alternative to the BIOX 
process is the Bacox process developed by BacTech, which uses a consortium of 
mesophilic and thermophilic microorganisms. A mixed culture is required as 
biooxidation increases the temperature within certain areas in the heap to as high as 81 
°C, necessitating the use of thermophiles as well as mesophiles [46].  
In addition to copper and gold, biomining of uranium and cobalt from low grade ores 
have been well documented. Commercial bioleaching of uranium was demonstrated in 
Ontario, Canada [47]. The first commercial plant for stirred tank leaching of cobalt from 
a cobaltiferous pyrite concentrate was commissioned in Uganda [48].  
 
2.1.3 Bioleaching techniques 
 
Laboratory scale leaching usually takes the form of percolator leaching, column leaching 
and submerged leaching. Percolator leaching consists of vertical glass tubes with sieve 
plate filled with solid particles at the bottom. The packing material is flooded with 
bacteria and leaching liquor is circulated upwards with compressed sterile air. This 
leaching technique suffers from inadequate oxygen supply, low efficiency and slow 
leaching rate. Column leaching is based on the principle of percolator leaching but used 
for pilot plant scale bioleaching. It can be operated at a higher capacity (from several 
kilograms to few tons) than percolator leaching and is provided with on-line monitoring 
system for measurement of pH, humidity, oxygen or carbon dioxide and for time to time 
sampling. In submerged leaching, solid particles are agitated and kept in a suspension in 
the leaching medium, either in shake flasks or bioreactors. High aeration rates, ease in 
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monitoring and control of bioleaching parameters leads to shorter reaction times and high 
extraction yield [37].  
 
Commercial bioleaching is applied for low grade ores with metal concentration below 
0.5% and can be performed using in situ leaching, dump leaching, heap leaching and 
stirred tank leaching. The choice of leaching technique is determined by economic 
considerations such as operation costs, construction costs, reagent and labor costs etc. In 
situ leaching is performed on mineral rocks without moving them mechanically. 
Abandoned mines are flooded with water, or bacterial solution is injected into the 
fractured ore body and left for certain amount of time. This process is not very efficient 
due to the loss of leaching solution and uncertainty of microbial population [49]. Dump 
leaching is the oldest leaching procedure where millions of tones of marginal grade ore 
are dumped together and acidified water is percolated through, to develop conditions for 
growth of microorganisms. The microorganisms oxidize the sulfur and iron compounds 
present in the minerals and the leachate is collected at the base of the dump. Heap 
bioleaching is similar to dump leaching but carried out in a smaller scale and used for the 
leaching of finer particles. It is mostly used for the extraction of copper from secondary 
copper ores or to pre-treat gold from sulfidic refractory gold ores. Crushed ore is 
mounted on high density polyethylene lined pads with aeration and drain lines [37]. 
Stirred tank leaching is utilizes aerated continuous stirred tank reactor (CSTR) 
equipped with agitators to finely grinded ore in suspension [45]. Although it requires the 
shortest time, and higher reaction rates can be achieved, it is also the most expensive 
technique compared to other methods.    
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2.1.4 Bioleaching of industrial waste  
 
Initially, the main focus of bioleaching was the recovery of metals from metal sulfide 
minerals or low grade ores in the mining industry, based on the ability of microorganisms 
to oxidize reduced iron and sulfur compounds. Recent interest in detoxification of solid 
industrial wastes using microbes has increased manifold due to the production of vast 
quantities of hazardous industrial waste. With the ever increasing demand of heavy 
metals and gradual depletion of high grade ores, solid industrial residues such as spent 
catalyst, electronic scrap material, fly ash etc. can be considered as secondary ores for the 
recycling of leached and recovered metal, which will reduce the need for primary mineral 
resources [50]. Thus bioleaching serves as an environmentally benign process for the 
detoxification and recovery of heavy metals from industrial solid waste. Bioleaching 
represents a green technology with low cost and low energy requirements compared to 
conventional pyrometallurgical and hydrometallurgical leaching using high temperature 
and pressure and strong acidic conditions. The current climate of stringent environmental 
regulations in many parts of the world and economic considerations for disposal of toxic 
wastes favour the exploitation of bioleaching capabilities of microorganisms for 
detoxification and metal recovery. Spent refinery waste, electronic scrap material, fly ash, 
spent battery waste etc. containing Ni, V, Co, Mo, Cr, Cd, Pb, Zn, Cu, Ag, Au are the 
major industrial waste used for recovery of heavy metals. Other industrial wastes such as 
sewage sludge, tannery sludge, jewelry waste, belt filter press solids have also been used 
for bioleaching of metals as reported in the literature. A summary of industrial waste and 
microbes used to mediate bioleaching is listed in Table 2.1 and Table 2.2. 
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2.2 Bioleaching microorganisms 
 
Table 2.2. Important microorganisms that mediate bioleaching [21]. 
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As shown in the table, three groups of microorganisms are used for the leaching process: 
chemolithotropic bacteria, heterotrophic bacteria and heterotrophic fungi. The most 
commonly used bacteria for metal solubilization belongs to the genus Acidithiobacillus, 
namely the chemolithotrophs Acidithiobacillus ferrooxidans and Acidithiobacillus 
thiooxidans. In addition, Aspergillus and Penicillium genera are most significant fungi 
used in bioleaching studies. All of the above mentioned microorganisms used for 
bioleaching of industrial waste and mineral ores are mesophiles. However, the 
application of thermophilic acidophiles have focused on the bioleaching of mining ores, 
and very few reports on thermophilic bioleaching of industrial waste have been published 
[12, 29, 54]. 
 
2.2.1 Chemolithoautotrophic microbes 
 
Chemolithoautotrophic microbes are non-photosynthetic bacteria and archaea, with the 
following features in common [40]: 
(a) They can grow autrotrophically by fixing CO2 from the atmosphere.  
(b) They derive their energy from the oxidation of inorganic reduced compounds such as 
sulfides, elemental sulfur, thiosulfate, ferrous ion or hydrogen and generally use oxygen 
as the electron acceptor.  
(c) They are acidophiles and grow in low pH environments. Microbial leaching is carried 
out in an acidic environment at pH 1.5-3 when most metal ions remain in solution. 
(d). They are remarkably tolerant to a wide range of metal ions, though there is 
considerable variation within and between species. 
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These iron and sulfur oxidizing microorganisms can grow on only inorganic compounds 
and form their cellular products from carbon dioxide. Based on the temperature range 
within which these microbes are active, they can be broadly divided into the following 
categories: (i) Mesophiles, with temperature optima 20-40°C (ii) Moderate thermophiles, 
with temperature optima 40-60°C (iii) Extreme thermophiles, with temperature optima 
60-80°C [26]. Another class of thermophiles known as hyperthermophiles have 
temperature optima 80-110°C, but they are not always acidophilic microorganisms [27]. 
No eukaryotic cells have been found to survive above 60°C. Therefore, extreme 
thermophiles and hyperthermophile mostly belong to the group Archaea (group of 
microorganisms that look and behave such as bacteria, but they have a prokaryotic 
structure). These are unicellular organisms, lacking internal membranes, including 
nucleus and organelles. Instead of peptidoglycan (present in the cell walls of eukaryotes), 





 Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans are the most 
extensively used mesophilic microbes for leaching of industrial waste and secondary 
mining ores. [21]. A. thiooxidans and A. ferrooxidans are gram negative, γ-
proteobacteria, non spore forming rods which grow under aerobic conditions. However, 
both are slow growing organisms, taking about two weeks to reach stationary phase and 
with the optimal temperature for growth at around 30°C. Leptospirillium is another 
mesophilic strain known to mediate bioleaching, but it cannot attack mineral sulfides on 
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its own. Acidithiobacillus thiooxidans was isolated in 1922 by Waksman and Joffe [60] 
and is well known for its rapid oxidation of elemental sulfur and the production of 
sulfuric acid, decreasing the medium pH to 1.5-1 (Fig. 2.1).  
 
 




A. thiooxidans is an obligate autotroph growing on sulfur compounds such as elemental 
sulfur, thiosulfate and tetrathionate.  Although unable to oxidize ferrous ions into ferric 
ions by itself, it is capable of oxidizing elemental sulfur and reduced sulfur compounds 
from sulfide minerals such as pyrite, chalcopyrite and arsenopyrite (Table 2.3) [41]. A. 
thiooxidans oxidizes heavy metals either directly (Eq. 1) and or through production of 
sulfuric acid (Eq. 2, 3 and 4) (Direct and indirect leaching mechanisms are discussed in 
Section 2.3) [61]. The intensive sulfuric acid production (Eq. 2 and 4) leads to the 
decomposition of ores and industrial waste substrate so that acid soluble metal 
compounds can pass into solution as sulfate.  
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MS + 2O2 è  MSO4                               (1) 
S0 + 3/2 O2 + H2O è  2H+ + (SO4)2-                    (2)   
MS + H2SO4 èMSO4 + H2S                (3) 
H2S + 2O2 è  2H+ + (SO4)2-               (4) 
(where M is a bivalent metal) 
 
A. ferrooxidans was isolated in 1947 by Colmer and Hinke from acid coal mine drainage 
[62, 63]. Morphologically the cells are identical to A. thiooxidans. A. ferrooxidans is able 
to utilize energy from the oxidation of ferrous iron dissolved in liquid medium as well as 
inorganic sulfur compounds (e.g Fe2S, CuFeS) shown by Eq. 5-10 and Fig. 2.2 [64]:   
 
2Fe2+ + 2H+ + ½O2 è  2 Fe3+ + H2O              (5) 
2Fe+++ + 6H2O è  2Fe(OH)3 + 6H+               (6)  
2Fe++ + 5H2O + ½O2 è  2Fe(OH)3 + 4H+               (7) 
 
The combination of hydrogen ion attack and oxidation with oxygen releases metal ions 
and elemental sulfur:  
 
MS + 2H+ + ½O2 èM2+ + H2O + S°              (8) 
 
Ferric ions formed by the oxidation of ferrous iron (Eq. 5) are also a strong oxidant and 
may oxidize sulfidic bound metals so that soluble metal cations are formed:  
 
MS + 2F3+ è  M2+ + 2F2+ + S°               (9) 
(where M is a bivalent metal) 
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The elemental sulfur may be oxidized by by A. ferrooxidans (or A. thiooxidans in case of 
mixed culture of A. ferrooxidans and A. thiooxidans) to sulfuric acid, which supports the 
dissolution of the mineral according to Eq 8.  
 









In the absence of oxygen, A. ferrooxidans is still able to grow on reduced inorganic sulfur 
compounds using ferric iron as an alternative electron acceptor [63].  Both A. thiooxidans 
and A. ferrooxidans have been extensively used for the leaching of filter dust [37], spent 
catalysts [15], electronic scrap material [50, 51], and municipal solid waste fly ash [12].  
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Thermophiles 
 
Moderate and extreme thermophilic species such as Sulfobacillus, Acidianus. Sulfolobus 
and Metallosphaera are amongst the most extensively used thermophiles for metal 
leaching [31, 65, 66]. Sulfobacillus species are spore forming, facultatative aerobic 
moderate thermophiles, whereas Acidianus, Sulfolobus and Metallosphaera sedula are 
extremely thermophilic archaea. These are acidophiles growing on mining ores such as 
pyrite, pentlandite and chalcopyrite at temperatures in the range of 45-75°C. Both ferrous 
ions and sulfur serve as energy source, but growth is observed only in the presence of 
yeast extract.  
Acidianus brierleyi (synonymous to sulfolobus brierleyi) is an irregular coccoid shaped, 
Gram negative, extremely acidophllic archaea of size 1 to 1.5 µm in diameter (Fig. 2.3). 
It is one of the first acidophilic, sulfur-oxidizing archaea to be isolated from an acidic 
thermal spring in Yellowstone National Park, Wyoming, USA in 1966 and was 
subsequently named Acidianus brierleyi [67]. Initially it was placed in the Sulfolobus 
genera, but upon further investigation of its metabolic properties, was moved to 
Acidianus genera [68].  
A. brierleyi has the ability to live either autotrophically on CO2 or heterotrophically on 
yeast extract (facultative autotroph), with either ferrous iron or reduced sulfur (sometimes 
both) as energy source (Table 2.3.) [26, 69, 70]. Its optimum growth conditions are 70°C 
and pH 2.0 [71]. A facultative anaerobe, it can both oxidize and reduce sulfur depending 
on the availability of oxygen. Under aerobic conditions, the bacterium oxidizes elemental 
sulfur (electron donor) to form sulfuric acid as shown in Eq. 2 (Fig.2.1). Under anaerobic 
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conditions, elemental sulfur acts as the electron acceptor and the microbe oxidizes H2 to 
form H2S as shown in Eq. 12 [72, 73]. Hydrogen ion attack and oxidation with oxygen 
releases metal ions into the solution as shown in Eq. 8.  
S0 + 3/2 O2 + H2O è  2H+ + (SO4)2-            (2) 
H2  + S0 è  H2S           (11) 
MS + 2 H+ + ½O2 è  Me2+ + H2O + S°              (8)  
(where M is a bivalent metal) 
         
 
 




Strains of A.brierleyi are remarkably resistant to soluble molybdenum and have been 
found to be more efficient in leaching mineral sulfide ores such as chalcopyrite than 
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Acidithiobacillus species [74].  A. brierleyi has been used for the leaching of molybdenite 
[75], iron pyrite ores [76], sphalerite [77] and fly ash [54]. Comparative studies of 
leaching potential of mesophiles such as Acidithiobacillus species and thermophiles such 
as Acidianus species have showed higher leaching rates for thermophiles from mineral 
ores [28, 65, 78].  
 
2.2.2 Heterotrophic Bacteria 
 
Heterotrophic bacteria obtain their energy through the oxidation of some organic 
compounds, such as sugars, alcohols, lipid and hydrocarbons. Metal leaching is achieved 
by enzymatic reduction of highly oxidized metal compounds. Members of the genus 
Bacillus and Pseudomonas are the most effective in metal solubilization [37]. The genus 
Bacillus that is well known in metal leaching includes Bacillus licheniformis and Bacillus 
polymyxa. 
 
2.2.3 Heterotrophic fungi 
 
All fungi are heterotrophic eukaryotes, which lack chlorophyll and require preformed 
organic carbon and energy source. Heterotrophic fungi can withstand a much wider pH 
range compared to chemolithotropic bacteria as well as can reduce toxicity through 
complexation of metal ions. This enables it to mediate bioleaching reaction with alkaline 
waste residues such fly ash. Aspergillus and Penicillium are the most widely used genera 
of fungi in bioleaching [79]. Heterotrophic fungi are dependent on an organic carbon for 
growth and the production leaching agents whereas chemolithotrophic bacteria only need 
carbon dioxide or yeast extract and reduced iron or sulfur compounds for growth. 
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Table 2.3. Categorization of validated species and genera of extremely acidophilic 
prokaryotic microorganisms, based on growth temperature optima [26].   
 	   Carbon 
assimilation	   Fe2+ oxidation	   Fe3+ reduction	   S0 oxidation	   S0 reduction	  
Mesophiles (Temperature optima 20-40°C)	  
At. ferrooxidans OA	   +	   +	   +	   +	  
L. ferroxidans OA	   +	   -	   -	   -	  
Fm. acidophilum OH	   +	   +	   -	   -	  
At. thiooxidans OA	   -	   -	   +	   +	  
Thiomonas	  spp.	   FA	   +	   -	   +	   -	  
Acidiphilium	  spp.	   OH	   -	   +	   +	   -	  
A.	  Acidophilum	   FA	   -	   +	   +	   -	  
Acidocella	  spp.	   OH	   -	   +	   -	   -	  
Acidobacterium	  spp.	   OH	   -	   +	   -	   -	  
Fp.	  acidiphilum	   OH	   +	   +	   -	   -	  
 Moderate thermophiles (temperature optima 40-60°C)  
L. ferriphilum OA	   +	   -­‐	   -­‐	   -­‐	  
Sulfobacillus spp. FA	   +	   +	   +	   -­‐	  
Alicyclobacillus spp..a OH/FA	   +/-­‐	   +/-­‐	   +/-­‐	   -­‐	  
Am. ferrooxidans FA	   +	   +	   -­‐	   -­‐	  
Fx. thermotolerans OH	   +	   +	   -­‐	   -­‐	  
Acd. organivorans OH	   -­‐	   -­‐	   +	   -­‐	  
At. caldus OA	   -­‐	   -­‐	   +	   -­‐	  
Thermoplasma spp. OH	   -­‐	   -­‐	   -­‐	   +	  
Picrophilus spp. OH	   -­‐	   -­‐	   -­‐	   -­‐	  
Extreme thermophiles, (temperature optima >60°C)	  
H. acidophilum OA	   -­‐	   -­‐	   +	   -­‐	  
S. acidocaldarius OH	   -­‐	   -­‐	   _	   -­‐	  
S. solfataricus OH	   -­‐	   -­‐	   -­‐	   -­‐	  
S. metallicus OA	   +	   -­‐	   +	   -­‐	  
S. tokodaii OH	   +	   -­‐	   +	   -­‐	  
Metallosphaera spp. FA	   -­‐	   -­‐	   +	   -­‐	  
Sulfurococcus spp. FA	   -­‐	   -­‐	   +	   -­‐	  
A. infernus OA	   -­‐	   -­‐	   +	   +	  
Ac. ambivalens OA	   -­‐	   -­‐	   +	   +	  
Ac. brierleyi FA	   +	   -­‐	   +	   +	  
Sg. azoricus OA	   -­‐	   -­‐	   -­‐	   +	  
Ss. ohwakuensis FA	   -­‐	   -­‐	   -­‐	   +	  
(OA: Obligate autotroph, FA: Facultative autotroph, OH: Obligate heterotroph; 
Genera Abbreviation: At.- Acidithiobacillus, L.- Leptospirillum, Fm.-Ferrimicrobium, A.- 
Acidiphilum, Sb.- Sulfobacillus, Fp. - Ferroplasma, Am.- Acidimicrobium, Fx.-Ferrithrix, 
Acd.-Acidicaldus, H.- Hydrogenobaculum, S.- Sulfolobus, Ac.- Acidianus, Sg.- 
Stygiolobus, Ss.- Sulfurisphaera; a: Alicylobacillus species include species that are 
facultatively autotrophic and obligately heterotrophic, and vary in terms of their 
dissimilatory transformations of iron and sulfur) 
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2.3 Bacterial leaching mechanism 
 
Metal leaching is mainly a chemical process in which ferric ions and protons are 
responsible for leaching of the metal substrates. The role of the acidophilic 
microorganisms is to generate the leaching chemicals and to create the space in which the 
leaching reactions take place. There are two major mechanisms involved in microbial 
metal solubilization; one is a direct mechanism, where microbes oxidize metal sulfides 
through direct physical contact between the bacteria and the metal sulfides, obtaining 
electrons directly from the reduced metal compounds. The other one is indirect 
mechanism, where the bacteria generate a lixiviant that chemically oxidizes the metal 
sulfides. No direct physical contact between the bacteria and metal substrate is needed in 
indirect mechanism. Both direct and indirect mechanisms of bacterial leaching are 
described below: 
 
2.3.1 Direct (contact mechanism) 
 
Direct leaching requires physical contact between the microbes and the solid surface for 
electron transfer. Direct leaching of metals from a solid structure may occur through 
oxidation or reduction, which involves the transfer of electron either from the solid 
structure (oxidation) to an electron acceptor (normally oxygen) or the injection of 
electrons into the solid structure from electron donor such as H2 (reduction) [38]. In 
direct mechanism, most cells are thought to attach to the metal sulfide surface, and 
mineral dissolution occurs at the interface between the bacterial cell wall and the metal 
sulfide surface. Earlier publications have reported that the microbes do not attach to the 
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whole solid surface but prefers specific sites of crystal imperfections and the metal 
solubilization process is drive by electrochemical interactions [80, 81]. Attached 
microbes produce the leaching chemicals Fe3+ and sulfuric acid from the oxidation of 
Fe2+ and elemental sulfur or reduced metal sulfides. Metal sulfides are degraded by a 
chemical attack of Fe3+ and protons (from sulfuric acid). The primary Fe3+ ions are 
supplied by the bacterial extra-cellular polymeric substance (EPS), where they complex 
to glucuronic acid residues [82]. The direct bacterial oxidation of mineral sulfide ore is 
best summarized by the reaction. 
 
4MeS2 + 15O2 + 2H2O → 2Me2(SO4)3 + 2H2SO4           (12) 
 
(Metal sulfide + Oxygen + Water → Metal sulfate + Sulfuric acid) 
 




2.3.2 Indirect (non-contact mechanism) 
 
Indirect leaching involves the excretion of metabolic products that act as chemical 
oxidants or reductants to mobilize the metal ions [38]. Indirect leaching involves 
acidolysis, complexolysis, redoxolysis, alkalolysis or combination of these mechanisms. 
Acidolysis involves the protonation of oxygen atoms in the metal compound, which 
combines with water, resulting in the metal oxide being detached from the solid surface 
and being solubilized. Complexolysis dissolves heavy metals by direct displacement of 
metal ions from the ore matrix by hydrogen ions and by formation of soluble metal 
complexes and chelates. Redoxolysis mechanism is the oxidation or reduction of metals 
via metabolites excreted by the autotrophic bacteria. Alkalolysis results in the production 
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of ammonia (leaching agent) from the enzymatic hydrolysis of urea or deamination of 
amino acids by microbes. This mechanism is very effective in mobilizing metals in 
silicates or aluminosilicates [38]. This mechanism enables bioleaching to take place at 
high pH.  
 
Planktonic cells produce the leaching chemicals Fe3+ and H+ by oxidizing Fe2+ ions or 
elemental sulfur in solution. Leaching agent comes into contact with the mineral surface, 
where they are reduced during oxidation of the ore and enter the cycle again.  
• In bioleaching of sulfide ore there is an initial chemical leaching where Fe3+ 
oxidizes the mineral:  
4MeS2 + 4Fe2(SO4)3 → 12Me(SO4) + 8Sº           (13) 
• The ferrous sulfate and elemental sulfur formed is then oxidized with the aid of 
microbes according to the following reactions:  
           8S + 12O2 + 8H20 → 8H2SO4            (14) 
• The overall summary reaction of ore oxidation is as follows:  
MeS + Fe2 (SO4)3 → Me(SO4) + 2FeSO4 + Sº          (15) 
 
 
2.4 Bioleaching methods (one step, two step and spent medium leaching) 
 
The process of bioleaching of metals are generally termed as One step, Two step and 
Spent medium leaching [16, 19, 83]. In some instances, researchers have used different 
terms to explain the bioleaching methods, e.g. the terms “in-situ leaching” and “two step 
leaching” have been used to describe “one step leaching” and “spent medium leaching” 
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respectively [15, 84, 85]. For consistency, we have defined the bioleaching methods in 
the following way: (i) In One step leaching, microorganism is inoculated together with 
the solid waste in the microbial medium such that microorganism growth and metal 
leaching takes place together. This technique is easy to perform, but the dissolved metal 
ions may affect the microorganism metabolism and growth, limiting the bioleaching 
process efficiency. (ii) In Two step leaching, microorganism is first grown in the 
microbial medium until it reaches exponential stage (actively growing state) followed by 
addition of the solid waste. (iii) In Spent medium leaching, microorganism is cultured in 
its microbial medium until maximum production of metabolites takes place. The 
suspensions and microorganisms are subsequently filtered off to obtain the cell-free spent 
medium containing only the biogenically produced metabolites, which is used for 
bioleaching. In general, two step and spent medium leaching have proved to be more 
effective in metal leaching than one step leaching [15, 20, 86].  This is due to the 
inhibition of microbial growth (leading to reduced metabolite secretion) in presence of 
minerals and industrial waste containing high concentration of metals. However, there is 
some inconsistency in determining the better leaching method between two step and 
spent medium leaching [20, 87, 88]. Amiri et al. reported higher spent medium leaching 
efficiency than two step leaching for tungsten and molybdenum from spent catalyst at 1% 
pulp density (PD), whereas the opposite was observed at 3% pulp density [19]. Ideal 
bioleaching method depends on the microorganism strain and the composition and pulp 
density of solid waste used for leaching. Advantages of spent medium leaching are easier 
handling and a shorter processing time. It also allows different optimum operating 
conditions for leaching and bacterial growth, i.e. the production of metabolites and the 
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leaching process may be separately optimized since the process is decoupled. For 
example, the absence of a growing microorganism in spent medium leaching permits the 
use of more aggressive leaching conditions (low pH, high temperature, etc.) and 
therefore, a higher extent of metal removal.  
 
 
2.5 Factors influencing bioleaching 
 
Leaching effectiveness is highly dependent on the physical, chemical and biological 
factors in the system. Maximum yield in metal leaching may be achieved when all these 
parameters are considered and the overall process is optimized collectively. Bioleaching 
at high temperatures is much more sensitive to variations to operating conditions such as 




2.5.1 pH and redox potential   
 
pH of the medium should be optimal  for maximum growth of the microorganism, as well 
as favorable for the solubilization of metals. Most favorable conditions for metal leaching 
occur at low pH because most metals are soluble at low pH. pH plays an especially 
significant role when acidophilic bacteria are used for bioleaching. pH range for growth 
of Acidithiobacillus and Acidianus genus lies between 1-2.5 with an optimum around pH 
2. Bioleaching performance of extreme thermophiles is found to improve in response to 
the increase in acidity (pH from 2.0 to 1.0) whilst the activity of the mesophiles is 
adversely affected by decreasing pH [89]. Mousavi et al. [90] reported an optimum pH of 
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1.5 for the growth of Sulfobacillus and A. ferroxidans leading to maximum zinc recovery 
compared to pH 1.2 or 1.8. This is due to reduced bacterial growth at pH 1.2 and higher 
H+ concentration at pH 1.5 then at pH 1.8. However, heterotrophic fungi can withstand a 
much wider pH range compared to chemolithoautotropic bacteria and many are capable 
of producing organic acids which solubilize and complex metal ions [91]. These studies 
show that pH is one of the dominant parameters determining metal leaching 
characteristics.  
 
Oxidation reduction potential (ORP) is another important factor in a chemolithoautotroph 
bioleaching system. To allow the production of oxidizing agent Fe3+, a positive redox 
potential starting from 300 mV is required. As a consequence of the oxidation of Fe2+, 
standard oxidation- reduction potential of around 600 mV is reached. The thermophilic 
bioleaching of chalcopyrite is governed by ORP which results from the combined effect 
of microbial activity, pH and temperature [92]. 
 
2.5.2 Nutrient  
 
The nutrient used in bioleaching should support not only microbial growth, but also allow 
maximum production of the necessary metabolites in bioleaching. For 
chemolithoautotrophs, inorganic iron and sulfur compounds are required and are 
sometimes available from the mineral leached [37].  Mousavi et al. [90] tested the effect 
of different quantities of ferrous sulfate added to culture medium for Sulfobacillus and A. 
ferrooxidans. Metal extraction and bacterial activity were shown to be independent of 
ferrous iron concentration above an optimal quantity (7-9 g/L). However, the effect of 
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varying sulfur concentration in the culture medium did not have a pronounced effect on 
metal recovery for sulfur oxidizing microorganisms [15]. For fungi, appropriate organic 
substrates should be supplied for the production of leaching agents. Ammonium, 
phosphate and magnesium salts are generally supplied to support an optimum growth of 
microorganisms. As a result, nutrient supply should be optimized to obtain a high 
leaching efficiency. 
 
2.5.3 Composition of solid waste 
The mineralogical composition of the leaching substrate is of primary importance 
because it affects the bioleaching rate and efficiency. Highly toxic metal inhibits 
microbial growth and decreases the bioleaching rate and efficiency. The chemical state of 
the metal compound in solid waste also affects the bioleaching efficiency. For example, 
higher valence salts or complexes are more soluble than the respective lower oxidation 
state compounds [36]. Similarly, metal compound presents in water-soluble or acid-
soluble form leaches out more easily in the leaching system. The most effective 
microorganisms used for leaching should be decided based on the composition of the 
solid waste. One example is that high content of carbonate in solid residue such as fly ash 
increases the pH of the leaching solution, necessitating the use of microorganisms 
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2.5.4 Metal resistance of microorganisms 
 
The leaching of metals from the solid phase is naturally accompanied by an increase in 
metal ion concentration in the leachate. The presence of high concentration of particular 
metal ions inhibits the growth of microbes to different degress. Different genus of 
microorganisms, such as acidophilic bacteria and archaea or even different strains of the 
same species have different sensitivities to heavy metals such as As3+, Cu2+, Zn2+, Cd2+, 
Ni+ [93]. A. ferrooxidans is particularly resistant to metals and has been reported to 
tolerate high concentration of the following metal: Co2+ (30 g/L), Cu2+ (55g/L), Ni2+ (72 
g/L) and Fe2+ (160 g/L) [94]. Sulfolobus, such as archaea are much more sensitive to As3+ 
than Acidithiobacillus species [22]. The adaptation of individual strains to higher 
concentrations of metals or substrates has been reported, and hence microbes that exhibit 
high tolerance or have become adapted to high concentrations of heavy metals in the 
leach suspension should be selected for bioleaching [95].  
 
2.5.5 Oxygen and carbon dioxide 
 
Several mass transfer operations occur in bioleaching; nutrients have to reach the 
attached and suspended cells, metabolic products have to migrate from the cells to the 
liquid phase, and solubilized species must be transported from the surface of the mineral 
particles to the liquid phase. Adequate oxygen or carbon dioxide should be supplied for 
optimum growth and activity of the leaching bacteria. Dissolved oxygen concentration at 
equilibrium decreases with increasing temperature. Depending on the temperature, the 
limiting dissolved oxygen concentration for mesophiles is in the range 0.1 to 1.1 mg/L 
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[32]. Thus a major challenge in maintaining thermophile leaching efficiency is the 
decreasing availability of O2 and CO2 at high temperature. Pumping in excess CO2 in the 
bioleaching medium led to an increase in growth and bioleaching rate of A.brierleyi [96]. 
Higher solid concentration requires increased O2 and CO2 but excessive agitation-
aeration conditions coupled with an increase in solid concentration can greatly limit 
bioleaching efficiency [32]. Aeration, stirring and shaking are some of the common 




Temperature has a marked effect on the bioleaching rate. The optimum temperature for 
ferrous iron and sulfur oxidation by mesophilic Acidithiobacillus species is 28-30 °C and 
for moderate thermophiles such as Sulfobacillus is 50°C and for extreme thermophiles 
such as Acidianus species is 70 °C. Higher temperature increases chemical reaction rate 
and higher rates of sulfur and iron oxidation are observed. Indeed, this is one of the most 
important reasons for improved kinetics for leaching of mineral ores observed by 
thermophiles than for the mesopiles [78, 97]. However leaching efficiency is not 
necessarily the highest at the optimum temperature of growth of thermophiles. Fastest 
reaction rate for substrate utilization occurred at 32.4 °C for A.thiooxidans, 48.6 °C for 
S.thermosulfidooxidans, 79.3 °C for A.brierleyi [98]. Highest copper yields were reported 
at 80 °C even though the maximum growth of extreme thermophiles was observed at 70 
°C [92]. Increase in temperature also leads to precipitation of ferric ions to form jarosites, 
which has an inhibiting effect on the leaching rate.  
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2.5.7 Particle size of solid waste 
 
Decrease in particle size increases the specific surface area, which increases the contact 
area between the leaching agents with the solid particles. This enhances the leaching rate 
and leaching yield for a fixed total mass of the particles. Particle size distribution can 
dramatically affect the bioleaching efficiency when using extreme thermophilic bacteria 
[34, 99]. A study which examined the affect of particle size on growth of microbes 
showed that the bioleaching rate increased with decreasing particle size from 180-125 µm 
to 63-45 µm. However, the reverse was noted when the particle size was decreased 
further (45 µm), reportedly due to decrease in cell viability from the increased particle-
particle collisions [100]. According to this study, particle–particle collisions become 
increasingly dominant during the mixing process as the concentration of solids increases.  
 
2.5.8 Pulp density (Solid liquid ratio) 
 
A higher concentration of the solid waste results in higher solid to liquid ratio. This 
increases the concentration of heavy metals in the leaching environment.  The toxicity 
resulting from the high concentration of the leached metals may inhibit the growth of the 
microorganisms and hence the production of the lixiviants. Bioleaching of chalcopyrite 
ore using extreme thermophiles at different solid concentration such as 4% (w/w), 8% 
(w/w), 12% (w/w) and 15% (w/w) showed an increase in leaching efficiency with higher 
solid concentration until a solid concentration of 15% (w/w) had an abrupt detrimental 
effect on the bacterial activity [32].  
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2.5.9 Bioleaching period 
 
Compared to chemical leaching, bioleaching requires a longer time period to extract 
heavy metals. Acidithiobacilli is a slow growing bacterial species that may require a few 
weeks to complete the bioleaching process, while bacteria such as Sulfobacillus species 
can bioleach at a faster rate due to their shorter growth cycle. For instance, moderate 
thermophiles (mixed culture of Sulfobacillus species) were able to extract 93% of zinc 
within 113 hours compared to more than 200 hours required by mesophiles and extreme 
thermophiles [65]. Bioleaching method such as one step, two step or spent medium 
leaching can also affect the bioleaching period. One step leaching and two step leaching 
may take longer time than spent medium leaching for maximum leaching. 
Microorganisms often exhibit an extended lag phase to acclimatize itself to the presence 
of toxic metals, resulting in longer bioleaching period. Sufficiently long period should be 
provided for the microbial growth and metabolites production in order to achieve 





Pre-culturing of microbes usually brings about an increase in the bioleaching efficiency 
since this allows a higher cell density and metabolite concentration to be attained before 
the solid wastes are introduced. This approach also results in a reduction in the toxicity of 
the metals to the microorganisms. However, although a denser microbial population can 
also be attained through the use of a larger inoculum size, it has also been noted that the 
production of acids does not depend directly on the total biomass production [101]. 
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Indeed, a lower acid concentration may result from an excess biomass inoculum [102, 








Petroleum is the major source of energy to date and is a critical factor for maintaining 
industrialized civilization. Many types of catalysts have been used in petroleum refining 
and the production of petrochemicals, commodity and fine chemicals. Among these 
industries, petroleum refining is one of the largest manufacturing and processing 
industries in the world. Four major types of catalysts are commonly used in various 
refinery applications: reforming, hydroprocessing, fluid catalytic cracking (FCC) and 
alkylation. Fig. 2.4 shows the classification of refinery catalysts divided into two groups, 
the solid catalysts (reforming, hydroprocessing, fluid catalytic cracking) and liquid acid 
catalysts (HF, H3PO4 and H2S04 used in alkylation processes). Hydroprocessing consists 
of hydrotreating and hydrocracking catalysts. Hydroprocessing catalyst will be discussed 
in detail in the following sections as these are used in the current research. 
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Figure 2.4. Classifications of refinery catalyst.  
 
 
2.6.2 Present Scenario of Spent catalyst 
 
 Hydrotreating (HDT), fluid catalytic cracking (FCC), hydrocracking (HCK) and 
isomerization (ISOM) catalysts represent 79% of the total catalyst market. The estimated 
market distribution of refinery catalyst in 2005 was 35% HDT, 31% FCC, 5% naptha 
reforming catalysts, 6% HCK and 21% other catalysts [2]. This shows that HDT and FCC 
catalysts are the major catalysts in use for converting crude oil into petroleum products 
















acid, hydrofluoric acid 
etc. 
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catalyst makers (Fig. 2.5). The refining catalyst market distribution by region in 2001 and 
2005 is shown in Fig. 2.6. North America region was the main catalyst consumer with a 
market of about 39%, followed by Asia Pacific (20%) and Western Europe regions (18%) 
in 2005. Asia Pacific, Western Europe, East Europe and Russia maintained similar 
market distribution during 2001–2005. However, South America and Middle East 
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The hydrotreating catalyst market is also the largest amongst other hydroprocessing 
catalysts. It accounts for 74.2% of the total hydroprocessing catalyst market at $ 66.6 
million in 2009 and is expected to reach $ 869 million in 2015 [1]. The market demand 
for hydrotreating catalysts is estimated to increase with an annual growth rate of 4.4%. 
The market for fresh hydrotreating catalyst was estimated to be 120,000 tonnes/year, with 
50% used for distillate hydrotreatment to produce clean fuels and other 50% used for 
residue upgrading and purification. The regenerated hydrotreating catalyst usage was 
estimated at 25,000–30,000 t/year worldwide and hydrocracking catalyst market was 
reported around 10,000 tonnes/year with a growth rate of 5% per year [104]. 
 
Economic and environmental constraints have resulted in the production of ultra low 
sulfur containing fuels and the processing of low quality heavier feedstock [105].  
Between 2000 and 2011 in Europe, USA, Japan, middle east etc., acceptable limit for 
diesel sulfur content needed to be reduced from 3000 to <10 ppm, with an intermediate 
regulatory step at 50 ppm in 2005 [105]. Such a decrease in sulfur content corresponds 
roughly to a factor 5 in catalyst activity, or hydrotreating (HDT) capacity [6]. With such 
high demand of hydroprocessing catalysts, 150,000–170,000 tons of spent catalysts is 
produced as solid waste every year [7].  
 
2.6.3 Hydroprocessing catalysts 
 
Hydroprocessing utilizes catalysts to remove impurities and convert crude oil into 
finished oil products having improved odor, color and stability characteristics. This 
makes it possible to meet the ever stringent environmental requirements and product 
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specifications imposed by government legislation such as drastic reduction of emissions 
of SOx, NOx and particulate matter from car engines. The catalyst design has to be taken 
into the consideration for the type of feed. Special attention has to be paid to the textural 
properties of the catalysts such as pore diameter and pore volume. These parameters have 
to be optimized to ensure adequate surface area. The size and shape of the catalyst 
particles are important for the efficient operation as well [106]. The catalysts used consist 
mainly of oxadies of nickel (Ni), cobalt (Co) and molybdenum (Mo) on an alumina 
matrix. Some catalysts also contain phosphorus, titania or others elements. Spent catalyst 
contains additionally carbon from coke (up to 20%) and sulphur (up to about 10%) from 
the active phase of sulphided catalyst. Contaminating iron originates from corrosion of 
tanks, pipes and other equipment. Silica deposited from the decomposition of 
antifoaming agents. Arsenic exits in small concentration in some heavy crude [107]. 
Hydroprocessing catalysts enhance the removal of undesirable impurities such as sulfur, 
nitrogen and metals (V and Ni) present in the feed by promoting hydrodesulfurization 
(HDS), hydrodenitrogenation (HDN) and hydrometallization (HDM) reactions during 
hydrotreating operations [3]. The typical composition of spent Ni-Mo and Co-Mo 
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Mo 12.3 62 
Ni 2.60 3.1 
V 0.05 10.5 
Si 0.3 1.2 
Fe 0.12 0.7 
As <0.05 0.4 
Co <0.04 2.1 
Pb <0.05 <0.05 
 
During hydroprocessing operations, the catalysts are loaded with sulfur, vanadium and 
coke, and at the same time, nickel, cobalt and molybdenum are converted into their 
respective sulfides. The porosity of the catalyst decreases and their activity is reduced. 
Deactivation may be caused by coke formation, active phase sintering, metal poisoning 
etc. However, the most frequent cause is deposition of carbonaceous matter known as 
coke, ranging from 5-30% of the catalyst weight [5]. When the activity declines below an 
acceptable level, it is usually regenerated and reused, but there is a limit on the number of 
regeneration- utilization cycles. After several cycles, the catalyst activity may decrease to 
very low levels and further regeneration may not be economically feasible. As a general 
rule, after the catalyst can no longer be regenerated to at least 75% of its original activity, 
it is reclaimed or disposed of [10]. Currently, spent hydroprocessing catalysts are 
classified as hazardous waste by environmental protection agency (EPA) in the USA 
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(U.S code of federal regulations (CFR) Title 40, Chapter 1, Part 261 “ Identification and 
Listing of Hazardous waste”, 2001) and cannot be discarded in landfills. 
 
 
2.6.4 Management of Spent catalysts, utilization and disposal 
 
 Spent hydroprocessing catalysts are classified as hazardous wastes by the environmental 
protection agency (EPA) because of their self heating behavior and toxic chemical 
content [5]. Metals such as Co, Ni and V present in such hydroprocessing catalysts can be 
leached by water after disposal, and pollute the environment. Besides the formation of 
leachates, spent hydroprocessing catalysts can liberate toxic gases such as H2S, HCN or 
NH3 when in contact with water, O2 or in an inert environment [10]. H2S can be produced 
from the reaction of water and the sulfur deposits/metal sulfides in the spent catalyst. The 
substantial amount of nitrogen present in the coke (deposited on hydroprocessing 
catalysts) can be converted into HCN and NH3 gases, during the thermal treatment of 
spent catalyst in presence of the oxygen or in an inert environment respectively [7]. Due 
to their hazardous nature, environmental laws concerning spent catalyst handling have 
become increasingly more severe [8, 9, 108].  
 
Handling of spent catalyst can be broadly classified into following four alternatives 
(i) Regeneration of catalyst and reuse,  
(ii) Utilization to produce new catalysts and other useful materials, 
(iii) Recycling through recovery of metals, and 
(iv) Treatment for safe disposal. 
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Regeneration can restore activity but cannot remove contaminants. After all options for 
utilization of spent catalyst become unattractive or catalyst performance cannot be 
brought to the desired level, the last option to deal with spent hydroprocessing catalysts 
include disposal and metal reclamation [109]. Catalyst generators must comply with 
environmental regulations to safely dispose or recycle the waste. Some refineries have to 
spend between 50 and 90% of their cash flow to comply with the environmental 
regulations [10]. Landfilling can be considered only if the solid waste can be converted 
into inert non-leachable solid waste. In addition to the expenses involved in the 
detoxification of the solid waste, the potential liability associated with landfilling can 
exceed $ 200/tone of spent catalyst approximately [7]. This leaves metal reclamation 
techniques as the only economic and environment friendly option. Recent high metal 
prices have shifted the focus from waste disposal to metal recovery and recycling. Instead 
of having to pay a fee to waste disposal companies, spent catalysts may now be 
considered as a cheap secondary source of valuable metals such as Ni, Co, Mo, V etc.  
These metals are highly valuable and are used extensively in the steel industry and in the 
manufacture of special alloys. Several large scale metal reclamation companies have been 
established and recovery techniques such as chlorination, acid or alkali leaching, roasting, 
bioleaching etc. are being commercialized for effective recovery [7]. 
 
2.6.5 Metal reclamation technologies  
 
Both active metal support and the metals deposited during the catalytic operation are of 
interest. Leaching of metals can be achieved by using inorganic acids such as HCl, HNO3 
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and H2SO4 and organic acids such as oxalic acid, citric acid, lactic acid etc. as well as 
hydroxide and carbonates of alkali metals and ammonia.  
 
Roasting of the spent catalysts initially removes coke and sulfur, followed by roasting 
with a suitable agent such as NaOH, Na2CO3, and Na2SO4 which convert the metals in 
spent catalyst into water soluble compounds. Chlorination involves treating the spent 
catalyst with gaseous chlorine at a temperature between 500 and 600°C where C, V, Mo 
and Al volatilize as chlorides and are separated. Ni and Co chlorides formed are usually 
not volatile and remain in the solid residue [7]. The cost and negative impacts of 
conventational methods (roasting, chemical leaching, chlorination) have led to the 
investigation of bioleaching technology as an alternative in the extraction of metals from 
spent catalysts.   
 
 2.6.6 Highlights on spent catalyst bioleaching 
 
Bioleaching offers a novel approach for metal recovery and detoxification of hazardous 
industrial waste by utilizing microorganisms. The first attempt to apply bioleaching to 
spent refinery catalyst was made in early 1990s using A. ferrooxidans and L. ferrooxidans 
for leaching Mo from coal liquefaction catalyst residues [110]. In a similar study, 
thermophilic culture such as Bacillus stearothermophilus and Metallosphera sedula 
growing at 60 °C were able to recover 90% of Mo from spent catalysts [111].  Same 
study also utilized organisms such as heterotrophic denitrifying bacteria and Solfolobus 
species for bioleaching of Ni-Mo catalyst. 
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Briand et al. utilized A. thiooxidans to recover 98% of vanadium from vanadium-titanium 
and spent vanadium-phosphorous catalyst [112]. The main leaching agent was sulfuric 
acid produced by bacterial oxidation of elemental sulfur added as the energy source for A. 
thiooxidans. More recently, acidophilic bacteria such as A. ferrooxidans and A. 
thiooxidans were used to leach Ni, Mo and V from spent refinery catalysts utilizing one 
step and two step bioleaching (see Section 2.4).  Two step leaching was able to leach 
88.3% Ni, 46.3% Mo and V 94.8% at 5% pulp density after 7 days leaching [15]. Various 
factors effecting bioleaching such as contact time, pH, temperature, nutrient 
concentration (elemental sulfur or ferrous ion), pulp density and particle size with their 
kinetic aspects were also examined [113].   
 
Apart from acidophilic bacteria, heterotrophic fungus A. niger and P. simplicissium were 
also studied for bioleaching of spent NiMo/Al2O3 catalyst and FCC catalyst by one step 
and two bioleaching methods [16, 79]. A comparative study of bacterial leaching with 
mesophiles such as Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans and 
fungal leaching by A.niger revealed the most efficient leaching achieved by A. 
thiooxidans followed by fungi followed by A.ferroxidans [20]. Another study showed A. 
ferrooxidans to be more efficient for spent catalyst leaching compared to fungal leaching 
by A. niger and P. simplicissium, and bacteria A. thiooxidans [18, 114]. However, 
bioleaching of spent refinery catalyst utilizing moderate and extreme thermophile 
cultures have been not been studied so far. Thermophilic leaching for metal recovery and 
detoxification of spent catalyst is an important field that merits investigation.
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MATERIAL AND METHODS 
 
3.1. Hydrotreating Catalyst (Ni-Mo/Al2O3) 
 
Two types of spent hydrotreating catalyst were used in this study. Type I or KF 840 
Ketjenfine Spent hydrotreating catalyst and Type II or DN-3110 Criterion Catalysts 
and Technologies were kindly provided by Shell Eastern Petroleum Private Limited. 
Both are high activity Ni-Mo hydrotreating catalysts used for distillate and residual oil 
hydroprocessing units (Figs. 3.1 and 3.2). KF 840 catalyst, commercialized by 
Albemarle and Nippon Ketjen in 1980’s is used for hydrodenitrogenation (HDN), 
hydrodesulfurization (HDS) and hydrodeasphaltization (HAD) of wide range of 
petroleum products such as Naphtha, Kerosene and Diesel [115, 116]. Centinel DN-
3110 was developed by Criterion Catalysts and Technologies in 2000 for the 
production of diesel containing Ultra Low Sulfur (ULS), at <10ppm and moderate-
high hydrogen partial pressure with 40–100% higher hydrodesulfurization (HDS) 
activity compared to the ones used in the early 1990s [105]. DN 3110 can be used not 
only for HDS but also for non selective hydrodenitrogenation (HDN) processing as 
well [117].  
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Figure 3.1. Photograph of Type I or KF 840 Ketjenfine spent hydrotreating (a) 
coked catalyst and (b) decoked catalyst. 
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Figure 3.2. Photograph of Type II or DN-3110 Criterion spent hydrotreating (a) 
coked catalyst and (b) decoked catalyst. 
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3.2. Characterization of spent catalyst 
 
3.2.1 Decoking of spent catalyst 
 
Spent catalyst contains substantial amount of coke and other contaminants 
accumulated during the catalytic process. The catalyst was decoked for 8 hours in a 
furnace at 600°C to completely remove the coke and organic impurities from the 
spent catalyst (see Section 4.3).    
 
 
3.2.2 Thermogravimetric analysis 
  
Thermogravimetric analysis was carried out by with TA Instruments TGA 2050 
thermogravimetric analyzer. About 10-15 mg of coked spent catalyst was placed in 
the pan at a heating rate of 10 ºC/ min and 15 ºC/ min from room 50 - 800  ºC. Loss in 
weight due to oxidation of coke and volatile impurities in the presence of air and 
nitrogen was recorded (flow rate 100 ml/min).  
 
 
3.2.3 Specific surface area, specific pore volume and average pore diameter by 
BET 
 
The specific surface area, specific pore volume and average pore diameter of the 
grinded coked catalyst and decoked catalyst and bioleached spent catalyst were 
determined using a high speed gas adsorption analyzer (NOVA 3000, version 6.07, 
Quantachrome Corporation). Sample weighing between 0.1 gm to 0.2gm was 
degassed overnight at 100°C using nitrogen gas as the adsorbate. The sample was 
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immersed in liquid nitrogen as the adsorbent. Specific surface area can be calculated 
using Brunaumer-Emmett-Teller (BET) method. 
 
3.2.3 Surface morphology study and surface metal distribution by SEM-EDX 
 
The morphology of as-received, decoked and bioleached catalyst was observed under 
a scanning electron microscope (SEM, Joel JSM-5600 LV). Each sample was spread 
on a metallic stub using carbon tape and coated with platinum. Image analysis was 
conducted under an accelerated voltage 15-20 kV and under high vacuum.  Energy 
dispersive X-ray spectroscope (EDX) was attached to the SEM to analyze the surface 
elemental composition of catalyst as well as the elemental composition distribution 
along the lobe cross section of as-received and decoked spent catalyst. The EDX data 
were analyzed using INCA Suite version 4.01. 
   
  
  3.2.4 Elemental analysis by ICP-MS 
 
The catalyst was digested according to US EPA SW846 method 3050B (Appendix 
A1). The metal composition of the acid digested sample was determined using an 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS). ICP multi element 
standard IV and Mo standard at a concentration 1000 mg/L diluted with 5% nitric acid 
(HNO3) were used to prepare suitable calibration standards.  
 
3.2.5 X-ray Photoelectron Spectroscopy (XPS) analysis 
 
XPS spectra of coked and decoked spent catalyst were acquired using a KRATOS 
AXIS UltraDLD System Photoelectron Spectrometer. The data were gathered using a 
monochromatised Al Kα X-ray source (1486.71eV) at 15kV and 5mA. The takeoff 
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angle between the substrate normal and the detector was fixed at 90°. Few microgram 
of spent catalyst deposited on cleaned glass chips were mounted on standard sample 
studs using double-sided adhesive tape. The X-ray source was run at a reduced power 
of 75 W. The pressure in the analysis chamber was maintained at 2 × 10−8 Torr or 
lower during each measurement. 
 
3.2.6 X-ray diffraction (XRD) analysis  
 
XRD analysis of spent catalyst powder (coked and decoked) was analyzed using 
Bruker D8 ADVANCE diffractometer using a monochromatized X-ray beam from Cu 
Kα radiation (40 kV/30 mA). A scanning velocity of 2º/min and 2θ range of 20-70º 
was used. The diffraction data were analyzed using the software Diffrac.Eva with 
International Center for Diffraction Database for peak identification.  
 
 
3.2.7 Toxicity characteristic leaching procedure (TCLP) tests 
 
Toxicity characteristic leaching procedure (TCLP) tests were conducted following US 
EPA SW846 method 1311 to elicit toxicity characteristic of the as-received, decoked 
and bioleached spent catalyst (Appendix A2). The concentration of metals leached in 
TCLP was compared to the regulated level in US EPA and the National Environment 
Agency (NEA), Singapore. 
 
3.2.8 Particle size measurement  
 
Both coked and decoked spent catalyst was screened through a 150 - 100 µm sieve, 
followed by a 100 - 45 µm sieve and finally through a 45 µm sieve. Three particle 
size ranges were used in the study: 150 - 100 µm, 100 - 45 µm and <45 µm. The mean 
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particle size of each range was determined using Coulter LS 230 particle size analyzer 
with a size range of 0.04 µm to 2000 µm. The particle size range of spent catalyst 
used for 2 step and spent medium bioleaching studies is <45 µm. All three size ranges 
were tested for particle size analysis.  
 
3.3. Microorganism Strain and Growth Conditions 
 
One mesophilic and one thermophilic microorganism were used for experimental 
work: Acidithiobacillus thiooxidans and Acidianus brierleyi. Acidianus brierleyi 
(DSM 1651, synonymous as Sulfolobus brierleyi) is an extremely thermophilic, sulfur 
oxidizing archaea growing at 70°C. For simplicity, A. brierleyi has been referred to as 
thermophilic microorganism (instead of extreme thermophilic), since other types of 
thermophiles such as moderate and hyper thermophiles have not been examined in the 
present work. The organism was obtained from DSMZ and grown in Acidianus 
brierleyi medium, containing 3.00 g/L (NH4)2SO4, 0.50 g/L K2HPO4.3H2O, 0.50 g/L 
MgSO4.7H2O , 0.10 g/L KCl , 0.01 g/L Ca(NO3)2 , 0.2 g/L yeast extract and 10 g/L 
sulfur. pH was adjusted to 2.0 with 6N H2SO4. Sulfur was sterilized separately by 
autoclaving at 100°C for 30 min for 3 consecutive days and added directly into the 
basal medium at the time of inoculation. Strains were grown in conical flasks rotating 
at 150 rpm in batch system in an orbital shaker incubator and inoculated with 15-20% 
v/v active culture. Acidithiobacillus thiooxidans is a mesophilic microorganism, 
kindly provided by Dr Natarajan (Department of Metallurgy, Indian Institute of 
Science, Bangalore, India). A. thiooxidans is a sulfur oxiding microbe culture 
maintained in a medium containing 2.0 g/L (NH4)2SO4, 0.5 g/L K2HPO4, and 0.25 g/L 
MgSO4.7H2O with powdered sulfur (10 g/L) as an energy source and cultured at 30°C 
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under similar conditions used for the thermophilic culture. Both microorganisms were 
regularly subcultured to maintain an active culture.  
 
3.4. Bioleaching studies  
 
3.4.1 Bioleaching by thermophile   
 
For pure culture studies, 7 day old pre-culture of Acidianus brierleyi was centrifuged 
at 8000 rpm (7010 × g) for 10 minutes and inoculated into 300 ml medium in sterile 
500 ml Erlenmeyer conical flasks. Inoculum volume was 20% v/v and an equivalent 
amount of sterile DI water was added to fresh medium (i.e. the control culture) in 
place of the inoculum. Sterile experimental set-up was achieved by autoclaving the 
medium at 121°C for 15 minutes prior to inoculation. All flasks were weighed at each 
stage, before and after autoclaving, before and after sampling etc. Any decrease in 
volume due to evaporation at 70°C and sampling was taken into account for all 
relevant analysis such as optical density (OD), sulfate analysis and sulfuric acid 
analysis. 3 ml samples were taken every alternate day for pH, OD and sulfate 
analysis. 
 
Bioleaching experiments were carried out in autoclaved 500 ml Erlenmeyer flasks 
containing 300ml Acidianus brierleyi medium with spent catalyst added at specific 
stages of microbial growth. The time of catalyst addition depended on whether it was 
two step or spent medium leaching. Both coked and decoked catalyst with <45 µm 
particle size was added at 1% pulp density (1gm of catalysts per 100ml of culture 
medium). Actively growing culture was obtained by following the procedure 
mentioned for growing pure culture. Weight adjustments due to evaporation and 
sampling losses were made as mentioned. Uninoculated controls were run for every 
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parameter and all experiments were carried out in duplicates. Sterilized DI water was 
added to controls, equal to the volume of microbial culture added in each case. 3 ml 
samples were withdrawn every alternate day and filtered through 0.22µm sterile 
filters and stored at 4°C for the following analysis: 
 (i) pH (ii) heavy metal concentration (iii) sulfate analysis and (iv) sulfuric acid  
 
Bioleaching was carried out using one step, two step and spent medium leaching. 
One step leaching: 20 ml of actively growing Acidianus brierleyi culture was 
inoculated directly with catalyst added in the fresh medium. 
 
Two step leaching: Pure culture was incubated till it reaches exponential phase (6 
days) before spent catalyst (coked or decoked) was added to the culture. Bioleaching 
continued for another 2 weeks from the day of catalyst addition. Pure culture analysis 
was continued till the 6th day to ensure microbial growth, but stopped after catalyst 
addition as catalyst particles interfered with the OD measurement.  
 
Spent medium leaching: Pure culture was grown till pH reached the lowest value 
when the maximum amount of sulfuric acid was produced (20-25 days). 25 day old 
microbial culture was filtered through 0.20 µm sterile filters, followed by 
centrifugation at 10000 rpm to ensure spent medium was devoid of all microbial cells. 
100 ml of spent leach liquor containing only metabolites produced by the microbe in 
250 ml sterile Erlenmeyer flasks was used for catalyst addition. Pure culture analysis 
was continued till the addition of catalyst, and bioleaching was carried out for 10 days 




Chapter 3                                                                                     Material and methods 
	   58	  
3.4.2 Bioleaching by mesophile 
 
The procedure for bioleaching by mesophilic strain was similar to the thermophilic 
bacterial leaching except that A.thiooxidans was grown at 30°C instead of 70°C. Pure 
culture studies were carried out for 14 days under identical conditions of thermophilic 
culture. Only two step and spent medium leaching was performed in sterile 250ml 
flasks. Catalyst was added 4 days after incubation in two step leaching, and after 14 
days in spent medium leaching. Both coked and decoked catalyst were bioleached at 
1% pulp density, with particle size <45µm. 
 
3.4.3 Factors affecting bioleaching  
 
Unless otherwise specified, two step and spent medium leaching were performed for 
coked and decoked catalyst at pH 2 containing 10 g/L of sulfur at 1% pulp density 
with <45µm particle size. To investigate the effect of pH, sulfur concentration, pulp 
density and particle size, each parameter was varied as shown in Fig. 3.3, while 
keeping all other parameters constant (e.g. to determine effect of pH, medium pH was 
varied from 1, 1.5 and 2, while other parameters were fixed at 10 g/L of sulfur, 1% 
pulp density and <45µm particle size).  
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3.5 Chemical leaching 
 
For comparative purposes, chemical leaching was carried out to examine the metal 
leaching efficiency of a commercial leaching agent such sulfuric acid (which is also 
the main leaching agent for Acidianus brierleyi leaching). Chemical leaching tests 
were conducted using 100ml of sulfuric acid at 80mM and 500mM, which is the 
maximum acid concentration produced during two step and spent medium leaching 
respectively, during bioleaching of Acidianus in the presence of 1% pulp density of 
coked and decoked catalyst. 
 
 
Bioleaching of spent catalyst by 
thermophile A.brierleyi 
pH 
(2, 1.5 & 1) 
Sulfur concentration 
( 5, 10 & 20 g/L) 
Pulp density 
(1, 2 & 4 %) 
Particle size 
(<45, 45-100 & 
100-150 µm) 
Coked catalyst Decoked catalyst 
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3.6. Analytical methods 
 
3.6.1 Analysis of metal concentration 
Metal ion analysis was performed using Inductively Coupled Plasma Mass 
Spectrometer (ICP-MS). ICP multi-element standard IV and Mo ICP standard diluted 
with 5% nitric acid was used to prepare the calibration standards. Samples from 
bioleaching and chemical leaching (filtered through 0.22 µm sterile filters) were 
diluted with 5% nitric acid prior to analysis.  
 
Metal leaching efficiency was calculated based on the metal concentration obtained 
from acid digestion: 
 % metal concentration =   
metal concentration in sample solution (mg metal/ liter solution) X dilution factor X 100 
metal concentration in acid digested extract (mg metal/ liter solution) 
  
 
3.6.2 Optical density and microbial growth curve 
 
3ml of liquid medium was used for optical density measurement of the culture from 
the day of inoculation. The absorbance was measured using a Biospec Mini UV-Vis 
Spectrophotometer at a wavelength of 600nm.  
 
3.6.3 Analysis of sulfate ions 
 
Sulfate ion concentration was measured using the turbidimetric method (Appendix 
A3) [118].  
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3.6.4 Analysis of sulfuric acid 
 
Sulfuric acid produced from the microbial oxidation of sulfur was analyzed with a 
STAT Tittrino auto titrimeter employing 0.1408 M sodium hydroxide as the titrant. 
 
3.6.5 pH measurement 
 
The pH of samples was measured using a pH meter (Eutech Instruments, Model PC 
650). The probe was calibrated using standard buffer solutions at pH 1.0, 4.0 and 7.0.
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PHYSICAL AND CHEMICAL CHARACETERIZATION 






Hydrotreating catalysts are extensively used in petroleum refining for the production 
of clean fuel oil from crude petroleum. These catalysts consist of Mo supported on an 
alumina substrate with promoters such as Ni or Co and are utilized to remove 
undesirable impurities including sulfur, nitrogen and metals including vanadium or 
nickel present in petroleum [7] . Such catalysts deactivate with time due to coke 
formation, active phase sintering, metal deposition and poisoning [119]. Two types of 
spent hydrotreating catalyst were used for our research: Type I or KF 840 Ketjenfine 
spent hydrotreating catalyst and Type II or DN-3110 Criterion Catalysts. Both were 
Ni-Mo/Al2O3 spent catalyst but differed in their hydrotreating application, operational 
severity and feedstock composition. KF 840 is a high activity catalyst used for the 
denitrogenation and hydrogenation of a wide range of petroleum products such as 
high nitrogen feedstock and cracked feedstock. It is used mostly for the 
hydrotreatment of naphtha, kerosene and diesel. DN-3110 is a high activity catalyst 
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used for the production of diesel containing Ultra Low Sulfur (<10ppm) at moderate-
high hydrogen partial pressure. The most frequent cause of catalyst deactivation is the 
deposition of carbonaceous matter such as asphaltenes, polynuclear aromatic 
compounds and polymers, collectively known as coke. Coke content can vary from 5-
30% depending on the catalytic process, feedstock quality and operational severity 
[119]. In this research, the spent catalyst was decoked by burning off the coke in the 
presence of air at 600 ºC. The coked and decoked forms of the two types of spent 
catalyst were characterized to determine the nature of coke deposited on the catalyst 
surface, and to evaluate the effect of decoking on surface area, morphology and 
chemical composition of the catalyst as well as the toxicity characteristics of the spent 
catalyst. 
 
4.2. Thermogravimetric analysis 
 
Thermogravimetric analysis (TGA) was carried out in the temperature range 50-
800ºC to demonstrate the weight loss profile of both the types of spent catalyst during 
decoking. Four distinct temperature ranges of rapid weight loss were identified from 
the thermogravimetric profile (weight loss Vs temperature plots) (Fig. 4.1). 
Temperature 50-150 ºC corresponds to removal of water and volatile impurities 
whereas combustion of coke usually starts from temperature 150-800 ºC [120]. The 
subsequent three distinct phases of coke removal were observed based on the nature 
of coke deposited on the spent catalyst: 150-350 ºC for soft coke, 350-550 ºC for hard 
coke, and finally 550-800 ºC for laid coke [121, 122]. Despite the varying nature of 
carbonaceous deposit depending on the operating conditions and usage of the catalyst, 
carbonaceous deposits or coke can be categorized into three broad groups (i) soft 
coke: hydrogen-rich deposits composed of alkylated mono-, di-aromatics and fewer 
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amounts of polyaromatics, which are formed from paraffinic and/or olefinic 
feedstocks at very mild reaction temperatures around 300 °C (ii) hard coke or black 
coke: strongly hydrogen-deficient polynuclear aromatic deposits typically formed at 
severe reaction temperatures around 500 °C, and (iii) laid coke: graphite-such as, 
virtually hydrogen-free deposits generated in catalytic reactions at very high 
temperatures around 800 °C or above [123]. Many studies have grouped hard coke 
and laid coke together as a result of which laid coke has not been characterized 
extensively as compared to soft and hard coke [124, 125]. Soft coke can be 
solubilized and easily oxidize whereas hard coke is considered insoluble and more 
refractory in nature [124]. Soft coke is formed during initial hydrotreating reactions 
and are deposited mainly on the surface whereas hard coke is formed during later 
stages of reaction and are deposited inside the catalyst pores [120] .  
 
Table 4.1 presents the overall % weight loss of Type II catalyst and % of impurities 
present in spent catalyst at two ramp rates (10 and 15 ºC/min). Ramp rate was varied 
to examine its effect on removal of impurities. Lower ramp rate (10 ºC/min) was 
marginally better in removal of volatile impurities compared to 15 ºC/min. Volatile 
impurities removed at 10 ºC/min and at 15 ºC/min ramp rate were 41.4% and 39.2% 
respectively. Both heating rates were equally effective for burning off soft coke and 
hard coke over the temperature range 150-550 ºC.  However, higher ramp rate is 
preferable for the removal of “laid coke”. This is because laid coke is non-volatile and 
extremely difficult to oxidize compared to soft and hard coke, and a higher heating 
rate is required to burn off laid coke. Overall, increasing the ramp rate did not have 
marked effect on cumulative weight loss, and the rest of the TGA analysis was carried 
out at 10 ºC/min  ramp rate [122].  
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Table 4.1: Effect of heating rates (10 and 15 ºC/min) on the weight loss (%) of the 










Weight lost (wt%) 
 
 
Heating rate (10 ºC/min) 
 
Heating rate (15 ºC/min) 
 
wt % of 
catalyst lost 
wt% of total 
impurity 
wt % of 
catalyst lost 











150-350 4.84 14.40 4.80 13.70 
350-550 10.43 32.20 10.28 33.30 
550-800 4.89 12.00 5.02 13.80 
Cumulative 
weight lost 
30.89  29.83  
 
 
Both types of spent catalyst were also subjected to air and nitrogen purging separately 
to determine the ideal decoking environment. Table 4.2 summarizes the % weight loss 
of both types of catalyst under air and nitrogen purging at 10 ºC/min over the four 
temperature ranges. Nitrogen purging was ineffective for the removal of impurities 
except for the removal of soft coke. Cumulative weight loss under nitrogen 
atmosphere was also lower for both types of spent catalyst in comparison to air 
treatment.  Thus decoking the spent catalyst in air was able to remove coke and 
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Table 4.2: Weight loss (%) of Type I and II spent catalyst under air and nitrogen 








Weight lost @ heating rate 10 ºC/min 
 
 
Type I catalyst 
 














50-150 7.19 8.23 7.40 10.73 
150-350 7.42 6.88 5.40 4.84 
350-550 7.23 10.51 7.58 10.43 
550-800 2.91 4.60 3.54 4.89 
Cumulative 
weight loss 
24.8 30.20 23.90 30.90 
 
 
Weight loss of the two types of spent catalysts under air purging also varied over the 
four temperature ranges (Table 4.2). Weight loss due to water and volatile impurities 
was higher in Type II catalyst compared to Type I catalyst. Both Type I and Type II 
spent catalysts varied markedly in the nature and composition of coke deposited.  It is 
evident from Fig. 4.1 that coke removal for Type II spent catalyst occurred mostly 
from 350-550 °C as one major peak, whereas three separate peaks was observed for 
Type I catalyst in three regions:  250-350 °C, 350-500 °C and 500-650 °C. This 
suggests that composition of coke deposits can vary with nature of operation and 
severity of process parameters during hydrotreating reactions [125, 126]. Sahoo et al. 
used mass spectrometry to analyze the gaseous compounds released during 
combustion of spent catalyst. Removal of sulfur present in metal sulfides takes place 
at 350-360 °C, whereas peak from 400-460 °C represented combustion of 
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carbonaceous deposits [120]. Barman et al. reported similar TGA profiles of two Ni-
Mo spent hydroprocessing catalysts having different coke content and nature of 
carbonaceous deposits [126]. One type of catalyst consisted of a single broad peak of 
carbon deposits, while the other type consisted of 2-3 narrow peaks representing 
different forms of coke. For Type II catalyst, almost no soft coke was present and 
hard coke shows was burnt off as one major peak over the temperature range 350-550 
°C and some minor weight loss in region 550-800 °C. On the other hand, all soft, hard 
and laid coke were identified in Type I catalyst. The broad peak from 350-500 is the 
principal hard coke peak that coincides with sulfur removal at 350 °C [125]. Soft coke 
can be represented by the peak from 250-350 whereas laid coke in the form of soot 





Figure 4.1: Thermogravimetric profiles and derivative curves of two types of 
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4.3. Decoking of spent catalyst 
 
During the use of spent catalyst, impurities such as coke and sulfur are deposited and 
the metal oxides present in the catalyst such as nickel oxide, molybdenum oxide are 
converted into their respective sulfides [5]. During decoking, foulant materials such as 
coke, which blocks the pore mouths are burnt off in an oxidizing environment, and 
metal sulfides are converted back into their metal oxides [36, 127]. Decoking must be 
performed at a temperature high enough to ensure removal of C, S and N and low 
enough not to cause catalyst sintering or permanent damage to the active phase or the 
metal support. An oxidizing atmosphere at 500-600 ºC can eliminate carbonaceous 
matter deposited in the spent catalyst. Below 500 ºC, the combustion of coke and 
sulfur compounds will be incomplete. Conversely, at very high temperature, active 
phase sintering occurs, leading to the formation of nickel molybdate (NiMoO4) [6, 
121, 126].  Teixeira et al. reported that the interaction between nickel and 
molybdenum sulfides led to the formation of NiMoO4 and nickel aluminate after 
oxidation of a hydrotreating catalyst at high temperature 500-600 ºC [128]. Our XRD 
results confirm the absence of such Ni-Mo phases, showing that active phase sintering 
did not occur after decoking at 600 ºC (see Section 4.8). Weight loss was calculated to 
determine the time required for the removal of coke and volatile impurities. Decoking 
was carried out at 600 ºC and the weight loss was shown to increase until 8 hours, and 
remained relatively constant beyond 8 hours (Fig 4.2). As a result, decoking at 600 ºC 
for 8 hours was considered effective (with the amount of coke and volatile impurities 
removed being 25 wt % for Type I and 21% for Type II spent catalyst). It has been 
reported that the coke content typically ranges from 5-30% in spent hydroprocessing 
catalyst [129].   
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Figure 4.2: Weight loss (%) with time during decoking of Type I and Type II 









A high concentration of active sites is not the only requirement to achieve high 
catalytic performance and metal recovery during bioleaching; the active sites must 
also be readily accessible to the reactant molecules. In this regard, surface area, pore 
volume and pore radius are important. Table 4.3 compares these parameters of Type I 
and Type II coked and decoked spent catalyst used in this research. It can be seen that 
the specific surface area of the coked spent catalyst was significantly lower than that 
of a typical fresh spent hydrotreating catalyst as compared from literature (121.6 
m2/g) by about 33% for Type I and 37% for Type II spent catalyst [130]. This is due 
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the catalyst [36, 131]. Decoking increased the surface area by about 17.2% for Type I 
and 16.2% for Type II spent catalyst. Heating the catalyst at 600 ºC removed coke, 
sulfur and other volatile impurities leading to higher surface area of the decoked 
catalyst. Kim et al. have reported that the surface area of two hydroprocessing spent 
catalyst surface area were significant lower than their respective fresh catalyst and the 
oxidative regeneration of the catalyst at 350 ºC in the presence of air increased the 
surface area of the spent catalyst by 3-200% [127].  Pore radius and pore volume of 
both the types of coked catalyst also increased after decoking due to removal of coke 
and other impurities from deep within the catalyst pores. It must be noted, however, 
that an increase in surface area and pore size does not ensure complete regaining of 
catalyst activity [127]. 
 
 
Table 4.3: Specific surface area, total pore volume and average pore radius of 
spent coked and decoked catalyst. 
 




Total pore volume 
(cc/g) 
Pore Radius (Å) 
 
Type I coked 
catalyst 
 




28.1 ± 0.54 
Type I decoked 
catalyst 
94.7 ± 1.6 0.32 ±0.04 38.2 ± 0.10 
Type II coked 
catalyst 
77.2 ± 2.7 0.18 ± 0.02 19.0 ± 0.06 
Type II decoked 
catalyst 
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Fig. 4.3 shows the specific surface area of Type I and Type II spent catalyst before 
and after bioleaching. Bioleaching by A. brierleyi increased the specific surface area 
by about 117-184% i.e even beyond that of a typical fresh hydroprocessing catalyst. 
Substantial rise in surface area after bioleaching has been reported and attributed to 
the attack of acid ions (produced by bacteria) on the metal sulfides and metal sulfates 
present in the spent catalyst, which resulted in leaching of heavy metals present in the 
spent catalyst [132].  Despite the increased accessibility of leaching agents during 
bioleaching of decoked catalyst, the specific surface area of the decoked bioleached 
catalyst was actually slightly lower than the coked bioleached catalyst (Fig. 4.2).  This 
is because A. brierleyi was more efficient in overall metal leaching of coked catalyst 
over decoked catalyst (discussed in Section 5.3 and 5.4).  
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Type I decoked 
catalyst 
Type II coked 
catalyst 












Before bioleaching After bioleaching 
Chapter 4                             Physical and chemical characterization of spent catalyst 
	   72	  
4.5.  Elemental composition  
 
The elemental composition of the coked and decoked forms of Type I and II spent 
catalyst, analyzed using ICP-MS after acid digestion, is listed Table 4.9. Spent 
hydrotreating catalyst consists of Ni-Mo embedded on an alumina carrier. Removal of 
coke and volatile impurities during decoking increased the concentration of metals in 
the decoked catalyst [133].  Since equal weight of both coked and decoked catalyst 
(i.e. 1 gm) was used for acid digestion, metal concentration was higher in the decoked 
catalyst. Type I catalyst contained Al, Mo, Ni as the major metals and Fe in small 
amounts, whereas Type II catalyst was found to have Al, Fe Mo and Ni as the major 
elements. Iron concentration was significantly higher in Type II catalyst compared to 
Type I catalyst. Iron is a typical contaminant in hydroprocessing operations 
originating from equipment corrosion and is mostly found as large FeS particles on 
the catalyst surface [5, 6]. The presence of high concentration of Fe as FeS in the 
coked catalyst followed by oxidation to Fe2O3 is evident from our SEM-EDX, XPS 
and XRD results (see Section 4.6-4.9). The change in Type II spent catalyst from 
black colour to reddish powder after decoking is also indicative of high Fe 
concentration (Fig 3.2) [121]. Other studies have reported a wide range in elemental 
composition for hydrotreating catalyst with Al (19-39%), Mo (1-9.7%), Ni (0.06– 
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Composition of catalyst (wt%) 
Type I Type II 
Coked Decoked* Coked Decoked* 
         Al 30.9 ± 1.6 36.2 ± 1.0 19.2 ± 0.2 22.9 ± 0.4 
Fe 0.28 ± 0.06 0.33 ± 0.06 49.0 ± 0.2 53.2 ± 0.4 
Ni 2.5 ± 0.2 2.8 ± 0.1 2.1 ± 0.1 2.3 ± 0.1 
Mo 10.3 ± 0.8 12.4 ± 0.7 8.5 ± 0.1 9.9 ± 0.2 
 
*1gm of coked catalyst (as-received catalyst) was decoked, and 1 gm of the decoked 
catalyst was used for acid digestion 
 
 
4.6. Surface morphology study by SEM 
 
SEM photomicrographs reveal the surface morphology of Type I and Type II spent 
catalyst. The as-received Type I catalyst has a four lobed shape (Fig. 4.4). It was 
finely grinded in a blender and has morphology shown in Fig. 4.5. On the other hand, 
Type II catalyst was already provided in grinded form (Fig. 4.6). Fine grainy structure 
with distinctive difference between the surface characteristics of the coked and 
decoked catalyst was observed for the grinded catalyst. Substantial amount of coke 
deposits and other contaminants can be seen on the surface of the grinded coked 
catalyst (Fig. 4.5a and 4.6a). The decoking process removes the deposited carbon 
from the surface and renders the surface comparatively smoother which is apparent 
from SEM images (Fig. 4.5b and Fig. 4.6b). It has been reported that grinding will 
result in catalyst with irregular shape and variation in size [114], as was noted in the 
present study (Fig. 4.7). 
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Figure 4.4: SEM images of four lobed (as-received) Type I spent catalyst before 
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                              (a)      
                                                                                                      
 
               
 
                                    (b)                                                     
 
Figure 4.5: SEM image of Type I spent catalyst after grinding: (a) coked catalyst 
and (b) decoked catalyst. 
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Figure 4.6: SEM image of Type II spent catalyst (a) coked catalyst and (b) 
decoked catalyst. 
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Figure 4.7: SEM image of grinded spent catalyst (a) Type I coked catalyst and 
(b) Type II coked catalyst. 
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 4.7 Surface metal distribution study by SEM-EDX 
 
 
SEM-EDX analysis was carried out to examine the distribution of metals across the 
spent catalyst surface. SEM-EDX data confirmed the presence of C, O, S, Al, Mo, Ni 
as the major components of Type I spent catalyst. All these metals were also detected 
in Type II spent catalyst, in addition to large deposits of iron at the surface of the 
coked catalyst. Iron was predominantly found in areas where contaminants such as 
coke and sulfur were attached to the coked catalyst surface. Eijsbouts et al. reported 
that iron was a typical contaminant of hydrotreating operation occurring mainly from 
equipment corrosion [5]. Iron was not detected in Type I catalyst due to very small 
amount of Fe present in the catalyst (approximately 0.3%) in comparison to other 
heavy metals. The surface distribution of the major metals at different cross sections 
of Type I and II spent catalyst is listed in Table 4.4 and 4.5 respectively. EDX 
analysis revealed that elements were not homogeneously distributed across the cross 
sectional area of the lobe of the spent catalyst. The heterogeneous nature of metal 
distribution in spent hydroprocessing catalyst is in agreement with published work 
[121, 135]. Substantial reduction in C/Al and S/Al ratio was observed in both types of 
decoked spent catalyst. C/Al ratio decreased roughly by a factor of 2, whereas 
negligible amount of S was detected after the decoking process. This provides 
evidence to the removal of coke and volatile impurities such as sulfur during the 
pretreatment process. In addition, O/Al ratio increased almost 2 times in the decoked 
catalyst, which shows that metal sulfides present in the spent catalyst were converted 
to their respective metal oxides. Increase in surface area after decoking (BET studies) 
together with reduction in carbon and sulfur content (EDX analysis) provide evidence 
for the removal of coke and volatile impurities.  
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Table 4.5: EDX elemental analysis results of major elements at different points 
of the cross sections of Type I spent catalyst. 
 
        Coked catalyst (weight %) Decoked catalyst (weight %) 








































B 3.5 2.9 2.7 1.1 4.5 1.9 0.1 5.3 3.0 2.2 





          (a)  
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Figure 4.8: SEM cross sectional view of Type I (a) coked catalyst and (b) decoked 





Table 4.6. EDX elemental analysis results of major elements at different points of 
the cross sections of Type II spent catalyst. 
 
 
        Coked catalyst (weight %) Decoked catalyst (weight %) 

















































B 4.9 3.8 3.8 0.6 3.5 0.6 0.9 0.9 3.9 1.8 5.5 1.9 
C 4 3.7 1.9 1.2 3.9 4.6 1.3 0.5 4.6 1.1 4.6 0.7 
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    (b) 
 
Figure 4.9. SEM cross sectional view of Type II (a) coked catalyst and (b) 
decoked catalyst with the indication of elemental analysis points for table 4.5. 
  
Chapter 4                             Physical and chemical characterization of spent catalyst 
	   82	  
4.8. X-ray photoelectron spectroscopy (XPS) analysis 
  
XPS was used to identify metal compounds based on their binding energies and to 
examine the change in valence states of metal compounds arising from decoking. XPS 
data is plotted as intensity versus binding energy. Intensity can be reported as 
arbitrary units (arb. units) or as counts per unit time (such as counts per second) when 
absolute number of counts provides relevant information.  XPS spectra of some metal 
compounds were complex due to the presence of multiple oxidation states. Atomic 
ratio of major metals to aluminum analyzed by XPS is listed in Table 4.7. C/Al, S/Al 
and S/Mo ratio decreased for both spent catalyst as a result of decoking, indicating 
removal of coke and sulfur from coked catalyst. On the other hand, O/Al ratio 
increased after decoking. These results are consistent with SEM-EDX data, and 
support the conversion of metal sulfides to oxides (see Section 4.7). Decrease in S/Mo 
ratio was more pronounced for Type I catalyst compared to Type II catalyst. Similar 
finding is also seen in Fig. 4.12, where no significant sulfur peak was observed for 
Type I decoked catalyst. Fe/Mo ratio for Type II catalyst was significantly higher than 
Type I catalyst, consistent with ICP and SEM-EDX results for Type II catalyst. 
Decrease in Ni/ Mo ratio after decoking was due to higher amounts of Mo detected in 
decoked catalyst. One possible explanation could be the migration of Mo towards 
catalyst exterior after high temperature treatment [121, 136]. Mo peak intensity 
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XPS characterization for Al 2p spectra reveled only one peak at 74.1 eV for all types 
of spent catalyst (Fig. 4.10) [137]. Al was present in +3 oxidation state in the form of 
Al2O3 [138]. Decoking increased the intensity by 2 times for Type I catalyst and 1.5 
times for Type II catalyst. Chemical nature of coke deposits for both spent catalyst 
was also analyzed by XPS (Fig. 4.11 a,b,c and d).  Spectra of C 1s revealed two forms 
of carbon species for Type I catalyst (284.4 eV, aromatic/graphitic carbon; 285.1 eV, 
aliphatic carbon) and three species for Type II spent catalyst (284.4 eV, 
aromatic/graphitic; 286.2 eV for C-OH eV; 289.0 eV for COOH carbon) [139]. 
Comparison of the area under the peaks provides relative percentages of the 
compounds detected in the sample [140]. Type I coked catalyst had one peak for 
aliphatic carbon (69%) and one peak for aromatic carbon (31%). After decoking, both 
contributing peaks were still present (60% aromatic carbon and 40% aliphatic 
carbon), but their intensity decreased by 5 times. Major peak for Type II coked 
catalyst was aromatic carbon attributing to 90% to total peak area and only other two 
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peaks consisted of C-OH and COOH carbon (10%) [137].  As seen in Type I catalyst, 
intensity decreased by 6 times after decoking and only small amounts of aromatic 
(66%) and aliphatic carbon (34%) was present. XPS data from Table 4.7 and Fig. 4.11 
coupled with BET and SEM-EDX results show that decoking was successful in 
removing majority of coke deposited on spent catalyst.  
 
 
Fig. 4.12a and b represents the S 2p XPS spectra of Type I and Type II spent catalyst. 
Two forms of sulfur were detected with one predominant peak belonging to sulfate 
(168-170 eV) and one broad peak belonging to sulfide (160-163) [121, 138]. The 
sulfide peak in Type I coked catalyst consisted of two contributing peaks of elemental 
sulfur (163.1 eV) and MoS2 (162.4 eV). All the remaining sulfur was present in 
sulfate form as one peak at 169.1 eV. None of the sulfur forms were found in the 
decoked spent catalyst due to removal of sulfur and oxidation of sulfur compounds 
during decoking (Fig. 4.11a). Type II coked catalyst had three peaks contributing to 
sulfide peak (29.7% by elemental sulfur at 163.9 eV; 20.4% by FeS at 161.4 eV and 
49.9% by MoS2, at 162.4 eV) and one major peak for sulfate (169.1 eV). Sulfide peak 
was missing in the decoked catalyst and only the sulfate peak was detected consisting 
of two peaks: NiSO4  at 169.2 eV and FeSO4 at 168.8 eV. The absence of sulfide peak 
peaks shows that metal sulfides were converted to oxides and the prominent sulfate 
phase is likely to have formed due to oxidation of sulfide phase [141].  
 
 
Examination of Mo (3d) XPS spectra showed three types Mo compounds existing in 
different oxidation states: MoS2 (229.1 eV), MoO2 (232.6 eV) and MoO3 (235.8 eV) 
[138]. All three compounds were detected in coked catalyst, except for MoS2  peak, 
which was absent in the decoked catalyst. This is due to conversion of MoS2  (IV 
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oxidation state) to MoO2 (IV oxidation state) and MoO3 (VI oxidation state). MoO2 
was the major peak in both coked and decoked catalyst. MoO2 contributed to 65% of 
peak area in Type I and 60% in Type II catalyst, which became 69% and 55% after 
decoking. This shows that most of lower valence MoS2  (IV) is converted to high 
valence state MoO3 (VI), indicated by the increase in peak area from 18% and 22% in 
Type I and II coked catalyst to 31% and 45% in Type I and II decoked catalyst 
respectively. Stanislaus et al. reported that metal oxides in higher oxidation states are 
more soluble than their low oxidation state compounds [36]. This could be a possible 







Figure 4.10. Al (2p) XPS curve fitting of (a) Type I and (b) Type II spent catalyst.  
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 Figure 4.11. C (1s) XPS curve fitting (a) Type I coked, (b) Type I decoked,  
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Figure 4.12. S (2p) XPS curve fitting of (a) Type I  and (b) Type II spent catalyst.  
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Figure 4.13. Mo (3d) XPS curve fitting (a) Type I  and (b) Type II spent catalyst.  
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Iron was found to be one of the major components in Type II spent catalyst. XPS 
spectra of Fe 2p revealed two major iron compounds: Fe2O3 (Fe2p3/2 at 710.5 eV and 
Fe2p1/2 at 724.4 eV) and FeS at 712.0 eV [138, 142, 143]. Coked catalyst showed one 
major peak consisting of FeS (85% of major peak area) and Fe2O3 2p3/2 (15% of the 
major peak area) and a minor peak consisting of Fe2O3 2p1/2 (Fig. 2e). It is evident that 
FeS was the predominant peak in coked catalyst and only small amount of Fe2O3 was 
detected. However, the exact opposite was observed in decoked catalyst with the 
largest peak detected for Fe2O3 and a considerably smaller peak for FeS. XPS profile 
of the decoked catalyst showed a major peak consisting of Fe2O3 2p3/2 (65% of the 
major peak area) and FeS (35% of the major peak area) and a small peak consisting of 
Fe2O3 2p1/2. This adds further evidence to the conversion of FeS (II oxidation state) to 




Figure 4.14. Fe (2p) XPS curve fitting of Type II spent catalyst. 
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4.9. X-Ray Diffraction analysis (XRD) 
 
 
Fig. 4.15 and 4.16 present the X-ray diffraction (XRD) patterns of Type I and Type II 
coked and decoked spent catalyst respectively. Table 4.8 lists the 2θ values and 
ICDD-PDF (International center for diffraction data) number of all compounds 
identified in both types of spent catalyst. The bulk composition of Type I spent 
catalyst revealed oxides and sulfides of Mo and Ni on an alumina substrate. Two 
major peaks (45.7 and 66.6) corresponding to γ-aluminium (Al2O3) were found in 
both coked and decoked catalyst. Molybdenum and nickel were detected only as 
sulfur compounds in the coked catalyst. Mo was detected at 2θ = 32.5, 58.4 as MoS2   
and nickel as NiSO4 at 2θ = 20.5, 26.1 and 34.2. Decoking the catalyst resulted in 
oxidation of Mo and Ni sulfides to their respective oxides [127]. Both Molybdenum 
trioxide (MoO3) with peaks at 22.2, 23.5 and 30.7 and Molybdenum dioxide (MoO2) 
with a single peak at 26.8 were identified. NiSO4 was oxidized to NiO (37.4, 45.7, 
44.7), but broad peaks of γ-aluminium overlapped some of the peaks of NiO. 
Compounds such as β-NiMoO4 and NiAl2O4, often present in spent hydrotreating 
catalyst undergoing high temperature treatment were not found in the decoked spent 
catalyst [128, 144]. This shows that active phase sintering and interaction between Ni, 
Mo and Al interfaces did not occur.  Decoking only oxidized the metal sulfides and 
sulfates into their respective oxides. Our SEM-EDX and XPS results of coked and 
decoked catalyst also support this finding.  
 
Oxidation of metal sulfides into their oxides was also detected in Type II catalyst. 
However, Mo2S3 was identifies with peaks 31.6 and 43.1 instead of MoS2. 
Molybdenum trioxide (MoO3) was the only oxide of Mo identified at 2θ = 25.4, 26.8, 
22.7. Nickel present as nickel sulfide (NiS) in the coked catalyst was converted into 
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NiO after decoking, observed as the highly dispersed peak at 43.3. In addition to Mo, 
Ni and Al compounds found in Type I spent catalyst, oxides and sulfides of iron were 
also identified in Type II catalyst. This is consistent with ICP-MS data, where iron 
was reported to be the major component (even more than aluminium which was the 
base metal). Sharp peaks at 29.9, 33.7 and 43.3 can be attributed to FeS, oxidized to 
Fe2O3   that can be associated to majority of the peaks in decoked catalyst (24.2, 33.2, 
35.6, 40.8, 49.4, 54.0, 62.3, 64.0) [5, 145]. Broad peaks at 45.2 and 66.2 represent γ-
aluminium (Al2O3) in both coked and decoked forms.  All the peaks detected in XPS 
were consistent with XRD data.  
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Figure 4.16. X-ray diffraction patterns of Type II coked and decoked spent 
catalyst.  
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Table 4.8. Major XRD peak (2θ) detected and their corresponding ICDD-PDF 
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4.10. TCLP analysis 
 
 
Table 4.9 compares the TCLP test results of Type I and Type II coked and decoked 
catalysts before and after bioleaching, with the TCLP regulatory level set by U.S. 
EPA (U.S. Environmental Protection Agency, 1998) as well as the recommended 
acceptance criteria for disposal set by the National Environment Agency, Singapore 
(NEA) [146, 147]. Spent hydrotreating catalyst cannot be discarded in landfills 
without meeting stringent regulations set by environmental agencies. The TCLP tests 
results showed that the concentration of nickel exceeds the acceptance limit set for 
disposal of industrial waste set by regulatory agencies. Thus spent catalyst used in this 
study can be listed as “hazardous waste” and needs to be treated before disposal. 
Other metals such as Al and Mo in Type I spent catalyst and Al, Fe and Mo in Type II 
spent catalyst did not fall under the list of regulated metals according to US EPA and 
NEA. Concentration of the non-regulated metals in the TCLP extract is listed in 
Appendix B.1.2. Nickel concentration decreased well below the regulatory level after 
bioleaching for both coked and decoked catalyst (Table 4.9). This shows that A. 
brierleyi bioleaching reduced the Ni concentration and the bioleached catalyst can be 
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a Recommended acceptance criteria for suitability of industrial wastes for landfill 
disposal set by the National Environment Agency, Singapore [146]. 
 
b “Treatment standards for hazardous waste” for spent hydrorefining catalysts. U.S. 





Two types of spent Ni-Mo hydrotreating catalyst were physically and chemically 
characterized: Type I or KF 840 Ketjenfine spent hydrotreating catalyst and Type II 
or DN-3110 Criterion Catalysts. Type I catalyst is used for denitrogenation and 
hydrogenation of Naphtha, Kerosene and Diesel whereas Type II catalyst is used for 
production of Ultra Low Sulfur containing Diesel. Both types of catalyst have 
alumina as a base with Ni-Mo embedded as carriers. The spent catalyst were decoked 
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at 600 oC for 8 hours and the effect of decoking was examined through TGA, BET, 
SEM-EDX, XPS, XRD analyses. Type I spent catalyst consisted of C, O, S, Al, Mo 
and Ni as major elements, whereas Type II spent catalyst had C, O, S, Al, Fe, Mo and 
Ni as major elements. Substantial amount of impurities in the form of carbon (coke), 
sulfur and other volatile components were deposited on the spent catalyst. TGA 
analysis revealed the nature of carbon deposits (coke) and the decoking profile. 
Weight % of volatile impurities was lower for Type I catalyst compared to Type II 
spent catalyst. Major portion of carbon deposits were in the form of hard coke, 
whereas small amounts of soft and laid coke were also identified in Type I catalyst. 
Soft coke is burnt off from 250-350 °C, hard coke and sulfur removal takes place 
from 350-550 °C and laid coke in the form of soot (585 °C) and graphite (645 °C) is 
removed from 500-650 °C. Type II catalyst contained almost no soft coke; the coke 
was predominately in the form of hard coke burnt off with sulfur from 350-550 °C.  
Decoking time was optimized and 8 hours of decoking at 600 °C in the presence of air 
was found to be most effective for removal of coke and other impurities. Decoking 
increased the surface area of both types spent catalyst due to removal of coke and 
impurities deposited on the catalyst surface and within the pores. Surface area of 
bioleached catalyst was found to be higher than the surface area of fresh catalyst 
reported in the literature. Coke and other impurities deposited on the surface were 
observed using SEM which revealed that decoked catalyst had a smooth surface, and 
that impurities deposited in the coked catalyst surface were absent in the decoked 
catalyst.  
 
Bulk metal composition of Type I spent catalyst consisted of 31% Al, 10% Mo and 
2.5% Ni whereas Type II spent catalyst contained 49% Fe, 19% Al, 8.5% Mo and 2% 
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Ni. Metal concentration was observed to be higher for the decoked catalyst due to 
higher metal content subjected to acid digestion after removal of coke.  SEM-EDX 
showed heterogenous distribution of metals on catalyst surface. SEM-EDX also 
confirmed the presence of high amounts of C, O, S in addition to Al, Ni, Mo and Fe. 
XPS and SEM-EDX added evidence of coke and sulfur removal after decoking. XPS 
and XRD data showed that metal sulfides present in coked catalyst were oxidized to 
their respective oxides. Weight and atomic ratio of C/Al and S/Al decreased, whereas 
O/Al increased after decoking indicating reduction in C and S content and increase in 
oxides concentration. XPS identified different forms of carbon and sulfur species in 
spent catalyst. Two carbon species were detected in Type I coked catalyst, where 
aliphatic carbon was the major contributing peak. Three C species were detected in 
Type II coked catalyst, with aromatic carbon as the major peak. Decoking reduced the 
C peak intensity by 1.5-2 times and only small amounts of aromatic and aliphatic 
carbon was detected in decoked catalyst. Sulfur existed in two forms: sulfate and 
sulfide.  Both sulfate and sulfide were detected in coked catalyst. However, only the 
sulfate peak was observed in Type II decoked catalyst and no form of sulfur was 
found in Type I decoked catalyst due to oxidation of sulfur compounds. Mo and Fe 
compounds with different oxidation states were also examined. Mo was present in 
both +4 and +6 oxidation state as MoS2, MoO3 and MoO2 in both coked catalyst. 
MoS2 peak was absent from decoked catalyst due to its conversion into MoO2.  Iron 
was present in +2 oxidation as FeS in Type II coked catalyst. FeS was oxidized to 
Fe2O3   (+3 oxidation state), which was the major peak in decoked catalyst. XPS data 
was consistent with XRD results as most of the metal compounds identified by XPS 
was detected by XRD as well. XRD identified peaks for to γ-aluminium (Al2O3), 
MoS2, NiSO4 in coked catalyst and γ-aluminium (Al2O3), MoO3, MoO2 and NiO in 
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decoked catalyst as the major metals compounds in Type I catalyst. Type II catalyst 
consisted of γ-aluminium (Al2O3), Mo2S3, NiS, FeS in coked catalyst and γ-
aluminium (Al2O3), Fe2O3 , MoO3, MoO2, NiO in the decoked catalyst. TCLP studies 
showed that Ni concentration in the leachate from spent catalyst exceeded the 
regulatory level set by National environment Agency (Singapore) and treatment 
standards of hazardous waste set by USEPA (U.S. Environmental Protection Agency, 
1998). Ni was not detected in bioleached catalyst, rendering it safe for disposal. 
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BIOLEACHING OF TYPE I AND TYPE II SPENT 





Amongst the many types of spent catalysts are generated during petroleum refining 
operations, hydrotreating catalysts constitute a major portion of the spent catalyst 
waste produced every year. Both Type I and Type II spent catalyst used in this study 
contain Ni-Mo as carrier on an alumina matrix, but differ in their application for 
petroleum hydrotreating. During hydrotreating operations, catalysts are loaded with 
sulfur and coke from the feedstock, while Ni and Mo are converted to their respective 
sulfides. The catalyst loses its activity with use, and the spent catalysts subsequently 
regenerated or are subjected to metal extraction by various chemical process 
involving high temperature and pressure. Leached and recovered metals can be 
recycled and reused as raw materials in the metal manufacturing industries and the 
residues can be disposed of safely. Bioleaching offers an ecofriendly, low energy 
consuming and economic approach to metal extraction. 
The bioleaching of the two types of spent hydrotreating catalyst (Type I and II) by 
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thermophilic microorganism Acidianus brierleyi is reported in this chapter.  Two 
types of catalyst were utilized for bioleaching to investigate the effect of varying 
physical and chemical composition and different application and batch of 
hydrotreating catalyst on metal leaching characteristics. In addition, the effect of 
decoking on leaching kinetics and characteristics of both types of spent catalyst were 
analyzed. Bioleaching was carried out at 1% pulp density with catalyst size of ≤ 45 
µm. Three commonly used methods of bioleaching were examined.  In One step 
bioleaching, the microbe was incubated together with the Acidianus medium and 
spent catalyst.  In Two step bioleaching, the bacteria was first cultured in Acidianus 
medium without spent catalyst until it reaches exponential phase marked by reduction 
in pH (beginning of acid production), before the addition of sterilized catalyst.  
Finally, in Spent medium leaching, the bacteria microbe was first cultured in 
Acidianus medium without catalyst addition until the highest inorganic acid 
concentration was reached. At this point, the microbial medium was centrifuged at 
10,000G and filtered through sterile 0.20 µm (Millipore) syringe filters respectively, 
to obtain the cell-free spent medium. Finally, spent medium containing only microbel 
metabolite was used for the leaching of sterilized spent catalyst. Fresh medium with 
sterile DI water added in place of microbial inoculum, incubated under the exact 
conditions of bioleaching were used as the control in each case.  
One step and two step leaching may follow direct (contact) mechanism of 
bioleaching, which requires physical contact between the microbes and the solid 
surface for electron transfer. Microbes are present in the leaching solution and can 
attach to the solid surface to catalyze metal dissolution. In contrast, spent medium 
leaching (in the absence of microorganisms) is inherently based on indirect (or non 
contact) mechanism where metabolites produced by oxidizing elemental sulfur in 
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solution attack the catalyst surface.  A comparative study of one step, two step and 
spent medium leaching provides an insight into the role of microbial metabolites and 
microbial cells in metal dissolution.  
This chapter discusses the bioleaching of spent catalyst by Acidianus brierleyi. The 
characteristics of pure culture of A. brierleyi are discussed in Section 5.1. Section 5.2 
and 5.3 discusses the bioleaching of coked and decoked Type I and Type II spent 
catalyst by A. brierleyi. Section 5.4 compares (abiotic) chemical leaching of Type I 
and Type II spent catalyst using commercial sulfuric acid with bioleaching by 
A.brierleyi. Finally, the experimental findings are summarized in Section 5.5.  
 
5.2 Pure culture study 
The growth of a pure culture of A. brierleyi over 24 days was examined to determine 
the optimum time for the addition of catalyst for both two step and spent medium 
leaching. Growth of the culture was monitored by measuring the pH, optical density 
(OD) and sulfate concentration. Fig 5.1 shows the pH profile and optical density 
(OD600nm) of the pure culture over 24 days. pH decreased from an initial value of 2 to 
1.5 after 6 days of incubation, indicating that bacteria had reached active growth 
phase (exponential phase). pH remained stable from day 6-8, followed by a steady 
decrease in pH until 20th day when pH reached its lowest value at 0.66 due to 
maximum production of sulfuric acid by the growing bacteria. Optical density 
increased gradually and reached a maximum (0.77 units) on Day 20th followed by a 
decrease by the end of 24th day (Fig. 5.1).  After 20 days of incubation, pH increased 
from 0.66 to 0.83 and optical density decreased from 0.77 to 0.32 by the end of 24th 
day. The decrease in optical density suggests microbial cell lysis, along with loss of 
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bacterial activity possibly due to depletion of nutrients or accumulation of metabolic 
waste products. Relatively stable pH after day 20 also marks the loss of bacterial 








A.brierleyi utilizes sulfur as its energy source and oxidizes elemental sulfur to sulfate 
ion at a rate directly proportional to its microbial activity (equation 1): 
 
S0 + (3/2) O2 + H2O (bacteria) → 2H+ + SO42−                        (1) 
 
Growth characteristics of A.brierleyi may be examined in terms of sulfur oxidation 
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a more rapid and increase until the 20th day. Maximum sulfate ion concentration at 
212 mM was achieved on the 20th day and gradually declined beyond that. Sulfate ion 
concentration curve mirrored the optical density data. Increasing optical density 
combined with decreasing of pH by the 6th day indicated the advent of exponential 
phase for the bacteria, and hence, the spent catalyst was added on the 6th day for two 
step leaching. The highest sulfate ion concentration and optical density, and lowest 
pH were attained on the 20th day from incubation, and thus mark the day for catalyst 





Figure 5.2. Sulfate (SO4)2- concentration of pure culture of A. brierleyi and fresh 
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5.3 Bioleaching of Type I spent catalyst 
 
 
Acidophilic microorganisms produce acids and metabolites (termed lixiviants) that 
leach the metal ions from the spent catalyst into the medium. Bioleaching is compared 
in terms of pH and metal leaching kinetics for the different types of bioleaching. One 
step leaching involves inoculating the bacteria together with the spent catalyst, 
whereas in two step leaching, catalyst is added to the microbial culture after it has 
reached exponential phase, and in spent medium leaching, catalyst is added to cell-
free spent medium after maximum metabolite production. Often the toxic 
environment of hazardous waste is not favorable for microbial growth. The toxic 
effect of the waste results in low production of the lixiviant and hence one step 
leaching gives rise to  low leaching efficiency [20, 148]. Preliminary experiments 
confirmed that one step leaching with A.brierleyi was ineffective in leaching metals 
when compared to two step and spent medium leaching and hence was subsequently 
not considered in this work. Metal leaching kinetics were analyzed for Al, Mo and Ni 
since they are the major elements present in Type I spent catalyst. 
 
 
5.3.1 Two step leaching 
Two step leaching was performed for coked and decoked forms of Type I spent 
catalyst. Catalyst was added to six day old microbial culture. A. brierleyi converts 
sulfate ions into sulfuric acid, which is the main lixiviant for mobilization of metals. 
pH is the main factor controlling microbial growth and leaching kinetics. pH 
decreased from 2 (initial medium pH) to 1.5 due to production of sulfuric acid by the 
pure culture of Acidianus before the catalyst was added. Fig 5.3 shows the pH profile 
of two step leaching of both coked and decoked spent catalyst with Acidianus 
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brierleyi. A sharp increase in pH was observed after the addition of spent catalyst, due 
to the alkaline nature of the catalyst. After the sudden increase, pH remained 
relatively stable throughout the leaching process. Decoked catalyst was noted to be 
more alkaline than coked catalyst; the pH of the bioleached decoked catalyst reached 
2.7-2.8 compared to 2.3-2.4 for the bioleached coked catalyst. pH for the decoked 
bioleached catalyst is higher than the pH range for growth of Acidianus species, 
which lies between 1-2.5, with an optimum about pH 2 [65]. This can affect the metal 
leaching kinetics of the decoked catalyst (see later discussion in this section).  The pH 
of the inoculated samples for both coked and decoked catalyst always remained lower 
than the uninoculated control due to sulfuric acid produced by the microbial culture. 




Figure 5.3. pH profile of two step bioleaching of Type I coked and decoked 
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Fig. 5.4a and b illustrate the metal leaching efficiency of Al, Mo and Ni from coked 
and decoked catalyst during two step bioleaching. The extent of metal leaching 
predominantly depends on the form of catalyst i.e coked or decoked. A comparison 
between these figures show that overall, Al was leached more effectively from coked 
catalyst compared to decoked catalyst, while the converse was true for Ni and Mo.  
After 14 days of bioleaching, Al leaching efficiency from coked catalyst was found to 
be 28%, and was higher than that for decoked catalyst at 16%. One reason could be 
the higher pH of the decoked bioleached culture (at pH 2.8 at the start of bioleaching; 
see Fig. 5.3), which retarded microbial growth and the production of acids. Ni 
leaching efficiency from decoked catalyst (85%) was higher that of coked catalyst 
(77%). The percentage of Ni extraction was also amongst the highest of all three 
metals (Al, Ni and Mo) for both the coked and decoked catalyst. This is possibly 
because Ni is present in the smallest amount (2%) compared to Mo (10%) and Al 
(30%) in the spent catalyst.  The abiotic control for Al and Ni were able to leach 
metals to some extent, due to the sulfuric acid in the medium (at pH 2). Aung and 
Ting reported 68 % Ni leaching efficiency by mesophilic bacteria A.thiooxidans, 
which was lower than that achieved by the thermophilic A.brierleyi. Al extraction 
efficiency by the thermophile is more than mesophiles such as the fungus A.niger 
(17.2% over 50 days) and comparable for mesophilic bacteria (28% for A.thiooxidans 
and 26.8 for A.ferrooxidans) [149].  
 
Exceptionally high leaching efficiency was observed for molybdenum from decoked 
catalyst (78%) compared to coked catalyst (30%). This could be due to the removal of 
carbon deposits that allowed direct access of the metabolites to the metal oxides 
[135]. Decoking also oxidizes low valence molybdenum sulfides to the respective 
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high valence oxides and sulfates. Higher valence salts or complexes, being more 
soluble than the lower oxidation state compounds, also contribute to higher Mo 
extraction from the decoked catalyst (XPS analysis, see Section 4.8). Our results 
corroborate the findings of Stanislaus et al, who reported enhanced leaching of 
vanadium and molybdenum from decoked catalyst [36].  Improved leaching of Mo 
from decoked catalyst also suggests migration of metals ions to more accessible 
regions after decoking [135]. Bogdanor et al. reported that Mo was primarily 
concentrated toward the catalyst center and decoking at high temperature (560 ºC) led 
to migration of Mo toward the catalyst exterior [121]. The reason behind this 
migration was reported to be due to chemical-vapor transport reactions, where a solid 
or a liquid substance reacts with a gas to form a vapor-phase product, which then 
undergoes the reverse reaction at a different place in the system that may be cooler or 
hotter depending on whether the reaction is endothermic or exothermic. Based on this, 
the authors speculated that vapor transport of Mo oxides (formed due to oxygenation 
at the time of decoking) was possible within catalyst particles if thermal gradients 
were present as the driving force. This is supported by the fact that the abiotic control 
also showed better leaching efficiency for Mo (Fig. 5.4b). Migration of metals during 
decoking could be one of the reasons for enhanced leaching of Mo from decoked 
catalyst since presence of metal at the surface increases the accessibility of leaching 
agents leading to higher leaching kinetics. Our results show that the extraction 
efficiency of molybdenum (i.e. 78%) by Acidianus is higher than that achieved under 
similar studies of spent catalyst leaching by mesophiles, at 60.5% for fungi A.niger, 
62.45% for A.thiooxidans, and 52.99% for A.ferrooxidans [149]. Overall, highest 
extraction efficiency was attained from Ni and lowest from Al (both coked and 
decoked catalyst) from two step leaching by Acidianus. 
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Figure 5.4 a. Metal leaching efficiency of Aluminium, Nickel and Molybdenum 
for two step bioleaching of Type I catalyst by A. brierleyi - Coked catalyst 
(Control: fresh medium). 
 
 
Figure 5.4 b. Metal leaching efficiency of Aluminium, Nickel and Molybdenum 
for two step bioleaching of Type I catalyst by A. brierleyi - Decoked catalyst 
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5.3.2 Spent medium leaching 
 
Spent medium leaching was performed with culture medium devoid of microbial 
cells, and containing only the spent medium and the metabolites produced by the 
bacteria. Microbial medium was filtered through 0.20 µm sterile filters, followed by 
centrifugation at 10,000 rpm to ensure the bacteria in the spent medium. The objective 
of spent medium leaching is to examine the bioleaching mechanism and evaluate the 
contribution of microorganisms (in contact with the solid substrate) on the leaching 
kinetics, relative to the metabolites produced. Spent medium leaching was performed 
for 10 days and the pH was measured after the addition of the catalyst. pH profile of 
spent medium leaching of Type I coked and decoked catalyst is shown in Fig. 5.5. 
Similar to two step leaching (see Section 5.3.1), the medium pH increased after 
catalyst addition and the decoked catalyst was more alkaline than the coked.  After the 
initial increase, pH remained relatively stable throughout the leaching period.  pH of 
the bioleached samples from spent medium leaching was considerably lower than that 
of two step leaching for both coked and decoked catalyst (Section 5.3.1). This is 
attributed to the lower pH of the 20 day old culture (pH 0.66) compared to 6 day old 
culture (pH 1.55) (Fig. 5.1). As a result, pH only rose to 0.8-0.9 for the biotic leaching 
and 2.3-2.9 for the abiotic control (Fig. 5.5). In addition, the difference between the 
pH of the bioleached and the abiotic control was significantly higher than in two step 
leaching.  




Figure 5.5. pH profile of spent medium bioleached Type I coked and decoked 






Spent medium metal extraction efficiency for the coked and decoked catalyst is 
shown in Fig. 5.6a and b respectively. Compared to two step leaching, spent medium 
leaching resulted in higher extraction efficiency for all three metals, and corroboarates 
the findings of Amiri et al. [19]. Decoked catalyst leaching efficiency was higher than 
coked catalyst for all the three metals. Spent medium leaching attained high metal 
recovery for Mo (93%) and Ni (98%) and Al (76%). Most significant improvement 
through spent medium leaching was observed for Al. Spent medium biotic leaching of 
decoked was higher than 2 step biotic leaching of decoked by 60% (Fig. 5.4b) and the 
corresponding improvement for coked catalyst was 26% (Fig. 5.4a). This could be 
attributed to the increased solubility of Al at lower pH. Seidel and Zimmel (1998) 
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leaching occurred at pH below 1.5 [150]. The maximum difference between biotic 
and abiotic (fresh medium control) spent medium leaching of Al is also indicative of 
the increased solubility at pH below 1.5. The pH of the fresh medium control was 
2.08 in contrast to the pH of the spent medium (0.66) before catalyst addition (Fig. 5. 
5). Solubility of Al at pH 0.66 was significantly higher than Ni or Mo, resulting in 
significant difference of 36-72% between Al biotic and abiotic leaching (compared to 
5-24% for Ni and 30-37% for Mo). The effect of increased acidity was also observed 
for Mo leaching efficiency, which increased by 15-16% for both coked and decoked 
catalyst. Since Ni was present in smallest amounts among other metals, nearly 100% 




Figure 5.6 a. Metal leaching efficiency of Aluminium, Nickel and Molybdenum 
for spent medium bioleaching of Type I catalyst by A. brierleyi - Coked catalyst 




































Chapter 5                              Bioleaching of spent catalyst by thermophile A.brierleyi 
112	  	  
 
Figure 5.6 b. Metal leaching efficiency of Aluminium, Nickel and Molybdenum 
for spent medium bioleaching of Type I catalyst by A. brierleyi - Decoked catalyst 
(Control: fresh medium).  
 
 
Two major mechanisms may operate for microbial metal solubilization of solid 
substrate: direct (or contact) mechanism and indirect (or non contact) mechanism. 
Direct leaching requires physical contact between the microbes and the solid surface. 
Microbial cells are thought to attach to the metal surface and dissolution (due to 
electrochemical processes) occurs at the interface between the microbial cell wall and 
the metal surface [39, 150]. Indirect leaching involves the excretion of metabolic 
products that act as chemical oxidants or reductants that mobilize the metal ions [38]. 
Spent medium leaching is considered an indirect mechanism, since the medium is 
devoid of microbial cells. Both two step and spent medium leaching was carried out 
to determine the significance of microbial cells in the leaching. It is evident from our 
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two step leaching, thus indicating that A.brierleyi leaches the metals through indirect 
leaching, and that contact of the bacteria with solid substrate is not significant in the 
leaching. Xin et al. also reported that acidophilic sulfur oxidizing bacteria followed 
the indirect mechanism for leaching of Co and Li from spent lithium ion battery waste 
[14]. Our results showed that the acid concentration (in the spent medium) is the 
controlling parameter for metal extraction by A.brierleyi [14, 151]. 
 
 
5.3.3 Comparing One step, Two step and Spent medium leaching 
 
 
One step bioleaching was performed with bacteria inoculated directly with spent 
catalyst. Figs. 5.7 and 5.8 show the pH profile and sulfuric acid concentration in the 
one step leaching of coked and decoked catalyst by A.brierley. Over the period of 15 
days, it was observed that there was negligible difference between the pH of the 
inoculated sample and the fresh medium (control). Exposure of microbial cells to the 
spent catalyst environment proved to be too toxic, inhibiting microbial growth and 
production of sulfuric acid. In contrast, two step and spent medium bioleaching 
showed considerable growth and acid production; the bacteria grew and oxidized the 
sulfur in the medium to produce sulfuric acid before spent catalyst was added (Fig. 
5.3). Similar findings have earlier been reported where A.niger was unable to grow in 
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Figure 5.7. pH profile of One step bioleaching of Type I coked and decoked 







Figure 5.8. Concentration of sulfuric acid produced during one step bioleaching 










0 2 4 6 8 10 12 14 16 
pH 

































Chapter 5                              Bioleaching of spent catalyst by thermophile A.brierleyi 
115	  	  
Fig. 5.9 shows the leaching efficiency of Al, Mo and Ni from the three methods of 
bioleaching, i.e one step, two step and spent medium leaching. In all instances, the 
lowest leaching efficiency was seen for one step leaching, and the highest leaching 
efficiency occurred in spent medium leaching. Leaching efficiency of bioleached 
samples in one step leaching was only slightly higher than their respective (fresh 
medium) controls, showing that microbe was unable to grow well in the toxic catalyst 
environment, and resulting in ineffective leaching. Maximum extraction by spent 
medium leaching was due to highest acid production by A.brierley culture over a 
period of 20-25 days. Despite catalyst addition to actively growing catalyst in two 
step leaching, bioleaching efficiency was significantly lower (26% for Al, 12% for Ni 
and 46% for Mo from coked catalyst and 60% for Al, 13% for Ni and 15% for Mo 
from decoked catalyst) than that in spent medium leaching. This shows that acid 
concentration is the dominant factor in the metal leaching kinetics.  
 
The highest extraction efficiency attained from two step leaching was 28% Al from 
coked catalyst and 85% Ni and 78% Mo from decoked catalyst. Decoked catalyst was 
especially suitable for spent medium leaching, with all three metals achieving 75-98% 
extraction efficiency (76% Al, 98% Ni and 93% Mo). As Al is the base metal, its 
leaching efficiency was the lowest amongst all three metals whereas Ni leaching 
efficiency was highest as it was present in smallest amounts compared to other two 
metals. Mo was most effectively leached from decoked catalyst in all the three 
bioleaching methods.  
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Figure 5. 9. One step vs Two step vs Spent medium leaching of Type I coked and 
decoked catalyst (BL: Bioleached, Con: fresh medium control). 
 
 
5.4 Bioleaching of Type II spent catalyst 
 
Bioleaching of Type II catalyst was evaluated under similar conditions to that of Type 
I catalyst. Metal leaching kinetics was examined for Al, Fe, Mo and Ni, as these were 
also the major elements present in Type II spent catalyst. One step leaching performed 
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environment of the catalyst. One step leaching was least effective in terms of leaching 
kinetics and metabolite production amongst all three bioleaching methods for Type I 
catalyst. As a result, only two step and spent medium leaching were investigated for 
Type II catalyst. pH and metal leaching characteristics were evaluated for both coked 




5.4.1 Two step leaching 
 
 
Two step leaching was performed for 14 days after catalyst addition. Fig. 5.10 shows 
the pH profile of two step bioleaching of coked and decoked catalyst. Similar to Type 
I catalyst, the medium pH decreased during microbial growth from day 0-6, followed 
by a sharp increase (from 1.5 to 3.8 for the bioleached coked catalyst and 2 for the 
bioleached decoked catalyst) upon addition of spent catalyst on day 6 (see Section 
5.3.1). This shows that spent catalyst was alkaline in nature. Ishigaki et al. also 
reported an increase in medium pH after addition of alkaline fly ash during 
bioleaching of fly ash by sulfur oxidizing bacteria [12]. Similar to Type I catalyst, pH 
for the decoked catalyst remained more or less stable after the initial rise. For the 
Type II coked catalyst, pH peaked briefly after the addition of the catalyst but started 
to decrease due to presence of large of iron sulfide in the coked catalyst. Iron sulfide 
produces sulfuric acid during its oxidation to iron sulfate according to the following 
reactions [152]:  
 
 
FeS2 + 3.5O2 +  H2O → FeSO4 + H2SO4      (2) 
 
FeS2 + 7.5O2 +  H2O → Fe2(SO4)3 + H2SO4      (3) 
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Higher concentration of sulfuric acid produced during two step bioleaching of Type II 
coked catalyst compared to that in Type I catalyst supports this fact. Absence of iron 
sulfide in Type I catalyst results in the lower concentration of sulfuric acid (Fig. 5. 15 
and 5.17, Section 5.4). pH remained constant for the decoked catalyst as most of the 
metal sulfides present in the catalyst were already converted into their respective 
oxides during decoking process. A similar observation has been reported in the 
bioleaching of decoked spent catalyst by the fungus A.niger [135]. The pH of the 
uninoculated control was always higher irrespective of the type of spent catalyst [18]. 





 Figure 5.10. pH profile of two step bioleaching of Type II coked and decoked 
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Fig. 5.11 a and b show the metal extraction efficiencies for two step bioleaching of 
coked and decoked catalyst. Mo leaching characteristics were similar in character to 
Type I catalyst, with 45% higher leaching efficiency for decoked catalyst than the 
coked catalyst. As explained for Type I catalyst, substantial increase in extraction 
efficiency can be attributed to increased solubility of high valance complexes formed 
during decoking process, removal of carbon deposits and migration of Mo from the 
catalyst center towards the surface (see Section 5.3.1) [121].  
 
In contrast, Fe extraction from the decoked catalyst was considerably lower (< 1%) in 
comparison to the coked catalyst (32%). Iron is mostly found as ferrous sulfide (Fe2+) 
in the coked catalyst, which is converted into ferric oxide (Fe3+) due to the high 
temperature (600 °C) and oxidizing environment of the decoking procedure [153]. 
Minimal iron leaching from decoked catalyst was due to precipitation of ferric ions 
into insoluble ferric hydroxides in the acidic environment of microbially produced 
sulfuric acid at 70 °C [154].  
 
Similarly, Ni extraction efficiency for coked catalyst was 50% higher in comparison 
to decoked catalyst. Afonso et. al reported that oxidation of spent hydrotreating 
catalyst at high temperature (600-1000 °C) resulted in lowered solubility of nickel 
compounds [144]. This could be due to formation of stable/inactive nickel molybdate 
(NiMoO4) or nickel aluminium (NiAl2O4) compounds during decoking at high 
temperature (500-600 °C) [5, 128].   
 
Another possible explanation may the location of Fe and Ni at the catalyst surface. Ni 
and Fe are largely deposited as impurities and primarily concentrated around the outer 
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edges of the catalyst, leading to better extraction from the coked catalyst [136]. High 
tolerance of A. brierleyi towards iron has also been previously reported, where A. 
brierleyi was able utilize iron as an energy source along with elemental sulfur.  
Vilcaez et al. have reported that A. brierleyi was able to grow in the presence of 
medium supplemented with iron and sulfur (4.5 g/L of ferric ions together with 10 g/L 
sulfur) [155]. High metal extraction efficiency and microbial tolerance of Fe and Ni 
has also been reported by Amiri et al. [19]. Overall, Ni extraction was amongst the 
highest (44-96%) as it was present in smaller amounts compared to other metals (only 
2% by weight). Al extraction remained low irrespective of the form of catalyst, 
similar to Type I catalyst (see Section 5.3.1) [18]. Extraction efficiency of the four 
metals in descending order for 2 step leaching for is listed below: 
 
 
Ni > Fe> Al > Mo           (Coked catalyst) 
 
Mo ~ Ni > Al > Fe          (Decoked catalyst) 
 
 
Despite variations in the type of spent catalyst, the leaching kinetics remained similar 
for Al, Mo and Ni for Type I and II catalyst. Rate of leaching was highest in the first 
24 hours from catalyst addition, after which the leaching rate increases slowly over 
the span of 14 days. This is consistent with the work by Mishra et al. [156]. However, 
Fe extraction was highest in the beginning of leaching, which decreased over the 
course of bioleaching (discussed in Section 5.4.2).  
 
 




Figure 5. 11 a. Metal leaching efficiency of Aluminium, Iron, Nickel and 
Molybdenum for two step bioleaching of Type II catalyst by A. brierleyi - Coked 




Figure 5. 11 b. Metal leaching efficiency of Aluminium, Iron, Nickel and 
Molybdenum for two step bioleaching of Type II catalyst by A. brierleyi - 
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5.4.2 Spent medium leaching 
 
Spent medium leaching for Type II catalyst was carried out for 9 days and its pH 
profile is illustrated in Fig. 5.12. The. As seen in the two step leaching of Type II 
catalyst, pH increased with the addition of catalyst due to the alkaline nature of the 
spent catalyst (see section 5.4.1). pH of the spent medium biotic leaching (both coked 
and decoked) was considerably lower than compared to that of two step leaching (see 
Section 5.3.2). Significant difference between medium pH (after catalyst addition) 
was observed between the two step biotic leaching of coked and decoked catalyst 
(Fig. 5.10). Two step leaching pH for coked and decoked abiotic leaching (fresh 
medium control) was 4.15 and 2.41 respectively and pH for coked and decoked biotic 
leaching was 3.81 and pH 1.98 respectively. However, this difference in pH between 
coked and decoked catalyst was observed only for the fresh medium controls of spent 
medium leaching (4.38 for coked catalyst and 3.17 for decoked catalyst) and not for 
the spent medium biotic leaching of coked (1.35) and decoked catalyst (1.34) (Fig. 
5.12). The reason for this was the higher buffering capacity of the lower pH of spent 
medium bioleached samples. Due to the same reason, pH of the spent medium biotic 
leaching of coked catalyst remained stable throughout the leaching process, while the 
pH of abiotic control of the coked catalyst started decreasing after the initial increase 
after catalyst addition (Fig. 5.12). The reason for decreasing pH of the fresh medium 
control of the coked catalyst was already discussed in Section 5.4.1. Based on the 
leaching characteristics of Type I catalyst, higher spent medium leaching efficiency 








Figure 5.12. pH profile of spent medium leaching of coked and decoked catalyst 
by A. brierleyi at pH 2.  
 
 
The spent medium leaching efficiency for the Type II coked and decoked catalyst is 
given in Fig. 5. 13a and b respectively. Metal leaching efficiency from spent medium 
leaching was higher for all the major metals in comparison to two step leaching. This 
was due to higher concentration of sulfuric acid in the spent medium, evident from the 
lower pH of spent medium (see Section 5.3.3 and 5.4.1). Overall, Fe and Ni showed 
enhanced leaching from coked catalyst whereas Mo was more effectively leached 
from decoked catalyst. More than 90% recovery was achieved for Fe (90.3), Ni (98.7) 
from coked catalyst, and Mo (98.4) from decoked catalyst. Al extraction efficiency 
was comparable for both coked and decoked catalyst. Fig. 5.14 compares maximum 
metal leaching efficiency for two step and spent medium leaching. Al extraction from 
spent medium leaching increased by 56% for the coked catalyst and 50% for the 
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compared to two step leaching. In spite of the high initial concentration in spent 
catalyst, Al and Fe extraction is comparable to Ni and Mo. This could be attributed to 
the increased solubility of Al and Fe at low pH (see Section 5.3.2). Mo leaching 
efficiency also increased by 25% for both coked and decoked catalyst. Despite 
improved leaching from spent medium leaching, Mo extraction from decoked catalyst 
was 98.4% as opposed to 27% from coked catalyst. Reasons for this are discussed 
Section 5.3.1. It is evident that spent medium showed considerable improvement in 
metal extraction for all metals, with the maximum improvement noted for Al and Fe. 
Our results confirmed that leaching kinetics were dependent on the acid concentration 
irrespective of the composition of the hydrotreating catalyst (see Section 5.3.3). Effect 
of bioleaching time on metal leaching characteristics of spent medium leaching was 
similar to that of two step leaching (see Section 5.4.1). Highest rate of leaching was 
observed in the first day of leaching, which increased slowly for the remaining time 
period. However, this was not true for Fe extraction from coked catalyst and Mo 
leaching from decoked catalyst. Fe (coked) and Mo (decoked) leaching was highest 
on third day, which decreased over the course of bioleaching. Decrease in Fe leaching 
efficiency was due to oxidation of ferrous ions into ferric ions followed by ferric ion 
precipitation as jarosites at high temperature [65]. Mo exists as Mo3+ ions in the 
leaching solution, which converts to MoO42- according to the Eq.4 and 5. Under acidic 
conditions, MoO42- undergoes polymerization to form various Mo species (MoaObn-) 
such as Mo7O246- and Mo8O264- leading to its precipitation as insoluble hydrous 
molybdenum oxide (VI) oxide, MoO3.xH2O [157].   
 
Mo3+ + 2H2O → MoO2 + 4H+ + e-         (4) 
MoO2  + 2H2O → MoO42- + 4H+ + 2e-        (5) 
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 Figure 5.13 a. Metal leaching efficiency of Aluminium, Iron, Nickel and 
Molybdenum for spent medium bioleaching of Type II catalyst by A. brierleyi - 




Figure 5.13 b. Metal leaching efficiency of Aluminium, Iron, Nickel and 
Molybdenum for spent medium bioleaching of Type II catalyst by A. brierleyi - 
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Results on Type I and Type II bioleaching show that Acidianus brierleyi could 
successfully leach the heavy metals Al, Ni, Mo and Fe from spent hydrotreating 
catalyst, and that the method of leaching has profound effect on the leaching kinetics. 
In all instances, spent medium leaching significantly improved the leaching kinetics 
of all metals when compared to two step leaching. For Type I catalyst, decoked 
catalyst was more effective for leaching of all metals compared to coked catalyst. In 
Type II spent catalyst, Fe and Ni were effectively leached from coked catalyst, 
whereas decoking of the catalyst led to increased leaching efficiency for Mo. 
Leaching efficiency of Al was amongst the lowest (in comparison to other metal) for 
both Type I and Type II spent catalyst as it was base metal for both Type I and Type 
II spent catalyst.  
 
Figure 5.14. Maximum metal extraction after two step bioleaching and spent 
medium leaching for Type II coked and decoked spent catalyst (BL: Bioleached, 
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5.5 Analysis of bioleached residue 
 
Post bioleaching, the catalyst residue was acid digested to examine the remaining 
metal content in the solid. Fig. 5.15 shows the mass balance of metals in the leachate 
and bioleached residue of Type I and Type II spent catalyst. Approximately 90-100% 
of the total metal concentration of each metal was accounted for in the leachate and 
bioleached residue, thus confirming an error of less than 10% due to loss of catalyst 
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Figure 5.15. Mass balance of metal content (%) in the leachate and bioleached 




5.6 Chemical leaching vs Bioleaching 
 
 
Chemical leaching was performed using commercially purchased sulfuric acid since it 
was the main leaching agent in A.brierleyi bioleaching. The objective of chemical 
leaching is to compare the bioleaching of the spent catalyst with chemical leaching. If 
bioleaching yields greater metal extraction than chemical leaching (at a similar acid 
concentration), it may hold promise as a clean and more environmentally sustainable 
technology for the treatment of industrial waste. In this study, the highest 
concentration of sulfuric acid biogenically produced during the two step bioleaching 
of Type I and Type II catalyst was determined, and chemical leaching was performed 
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5.6.1 Chemical leaching vs bioleaching for Type I catalyst 
 
Sulfuric acid produced during two step bioleaching of Type I catalyst at pH 2 and 1% 
pulp density is shown in Fig. 5.16. Presence of actively growing microbes in the two 
step bioleaching extract resulted in higher acid concentration after catalyst addition in 
comparison to the abiotic controls. The toxic nature of the catalyst was able to reduce 
microbial growth, but microbes were able to produce some sulfuric acid in the 
presence of the catalyst. Oxidation of the metal sulfate and sulfides present in the 
catalyst also contributed to the increase in sulfuric acid concentration (see Section 
5.4.1). Metal ions dissociate from their respective sulfates and sulfides present in the 
spent catalyst. Sulfuric acid concentration for decoked catalyst remained lower than 
coked catalyst as most of the metal sulfides present in the catalyst were already 
converted into their respective oxides during decoking process. Some sulfuric acid (at 
a concentration lower than bioleached catalyst) was also detected in the uninoculated 
control, since it was added in the fresh medium to regulate the pH. As the highest 
concentration of sulfuric acid over the entire bioleaching period was found to be 80 
mM, this concentration was used for the chemical leaching of both coked and decoked 
catalyst.  
 
Fig. 5.17 shows that the metal leaching efficiency for bioleaching was higher than 
chemical leaching; the difference in both approaches for Mo was 5% and 8% for 
coked and decoked catalyst respectively, whereas bioleaching and chemical leaching 
yielded similar leaching efficiency for nickel from both coked and decoked catalyst 
(Fig. 5.16). Similarly, bioleaching of polluted aquatic sediments by sulfur oxidizing 
microbes has been reported to be higher than sulfuric acid leaching for metals such as 
Zn, Cd, Ni, Co and Mn [158, 159].   
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In the case of Al however, chemical leaching was significantly higher for both coked 
catalyst and decoked catalyst (by 30% and 37% respectively; see Fig. 5.17). This may 
be attributed to the lower pH in chemical leaching as shown in Table 5.1. Al 
extraction is known to be highly dependent on the pH of the acids (as discussed 
earlier in Section 5.3.2). This is supported by enhanced Al extraction by spent 
medium leaching compared to two step leaching due to lower pH of spent medium. 
Chemical leaching was also reported to be more effective in leaching of spent catalyst 




Figure 5.16. Concentration of sulfuric acid produced during bioleaching of Type 
I coked and decoked catalyst by A. brierleyi at pH 2 and 1% pulp density 
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Table 5.1. Metal leaching efficiency for aluminium, molybdenum and nickel and 




80	  mM	  sulfuric	  acid	  (%)	  
Bioleaching	  



















Al	   58.0	  ±	  0.8	   53.9	  ±	  1.3	   28.2	  ±	  1.2	   16.3	  ±	  0.5	  
Mo	   25.1	  ±	  0.2	   60.1	  ±	  0.6	   30.3	  ±	  1.0	   78.3	  ±	  0.8	  









Figure 5.17. Comparison of chemical leaching and bioleaching of Type I spent 
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5.6.2 Chemical leaching vs bioleaching for Type II catalyst 
 
 
Fig 5.18 shows the sulfuric acid concentration during two step bioleaching of coked 
and decoked Type II spent catalyst. As is the case for Type I catalyst, acid 
concentration increased upon the addition of the catalyst, with coked catalyst 
producing more sulfuric acid compared to the decoked catalyst (see Section 5.6.1). 
Maximum sulfuric acid produced for Type II catalyst (both coked and decoked 
catalyst) was higher than for Type I catalyst. Chemical leaching was performed with 
the highest concentration of acid (85 mM) measured during two step leaching by A. 
brierleyi at pH 2 (Fig. 5.18). A comparison between chemical leaching and two step 
bioleaching by A. brierleyi for coked and decoked catalyst is shown in Table 5.2. 
Bioleaching showed higher leaching efficiency than chemical leaching for Ni and Mo 
by about 1-30%, whereas abiotic leaching proved to be significantly higher for Al and 
Fe (Fig. 5.19). Ni	  extraction	  by	  chemical	  leaching	  was	  lower	  than	  bioleaching	  by	  30%	  for	  coked	  catalyst	  and	  by	  16%	  for	  decoked	  catalyst	  whereas	  Mo	  bioleaching	  from	  decoked	  catalyst	  was	  comparable	  to	  chemical	  leaching	  (Table	  3).	  For	  Al	  and	  Fe	  however,	  chemical	  leaching	  was	  much	  higher	  than	  two-­‐step	  leaching	  for	  both	  coked	  catalyst	  and	  decoked	  catalyst	  (by	  up	  to	  47%	  for	  Al	  and	  up	  to	  22%	  for	  Fe).	  
Similar to Type I catalyst, higher chemical leaching efficiency for Al and Fe can be 
attributed to the lower pH in chemical leaching of Type II catalyst. Similar	  trend	  was	  also	  seen	  in	  higher	  Al	  and	  Fe	  extraction	  in	  spent	  medium	  leaching	  compared	  to	  two-­‐step	  leaching	  due	  to	  lower	  pH	  of	  the	  spent	  medium.	  	  
 
Similar findings on Al bioleaching by A. thiooxidans and chemical leaching of spent 
catalyst have been reported. Thiobacillus bioleaching (with sulfuric acid being the 
main leaching agent) was more effective than chemical leaching for the metals Ni and 
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Mo [149]. These results support the hypothesis by Schinner and Burgstaller who 
speculated that other secondary metabolites in the spent medium may also enhance 
the leaching process [161].  
 
 
Figure 5.18. Concentration of sulfuric acid produced during bioleaching by A. 
brierleyi for Type II coked and decoked catalyst at pH 2 and 1% pulp density 
(Control: fresh medium; Day 6 marks the time of catalyst addition). 
 
 
Table 5.2. Metal leaching efficiency (%) for aluminium, iron, nickel and 
molybdenum and pH attained by chemical leaching and bioleaching for coked 




85	  mM	  sulfuric	  acid	  (%)	  
Bioleaching	  



















Al	   57.5	  ±	  0.7	   26.6	  ±	  1.0	   10.8	  ±	  1.1	   15.4	  ±	  0.1	  
Fe	   53.9	  ±	  0.3	   5.0	  ±	  0.1	   31.8	  ±	  0.2	   0.7	  ±	  0.0	  
Ni	   65.3	  ±	  0.9	   27.9	  ±	  0.5	   95.7	  ±	  0.2	   44.0	  ±	  0.4	  








































Figure 5.19. Comparison of chemical leaching and bioleaching of Type II spent 








Bioleaching of spent catalyst by A. brierleyi may be considered as “green technology” 
compared to conventional chemical leaching techniques. The bioleaching potential of 
the thermophile Acidianus brierleyi was investigated for two types of spent 
hydrotreating catalyst. Both spent catalysts are listed as hazardous waste and must be 
treated prior to landfilling. The two types spent catalyst, named Type I and Type II in 
this study, had Ni-Mo embedded on an alumina matrix but were utilized for different 
hydrotreating applications and have been subjected to varying operational severity. 
Leaching efficiency of A. brierleyi was investigated for two spent catalyst with 
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carbonaceous deposits and were subjected to bioleaching by A. brierleyi. Bioleaching 
was performed using three methods: one step, two step and spent medium leaching. 
Irrespective of the type and pretreatment conditions (decoking), A,brierleyi was able 
to successfully leach all heavy metals to varying extent. Spent medium leaching 
proved to be most efficient, while one step leaching showed the lowest leaching 
efficiency for all the metals. For Type I spent catalyst, spent medium leaching 
efficiency was higher than two step leaching by 26% for Al, 12% for Ni and 46% for 
Mo from coked catalyst and 60% for Al, 13% for Ni and 15% for Mo from decoked 
catalyst. Similarly for Type II spent catalyst, leaching efficiency was improved by 
56% for Al, 59% for Fe, 3% for Ni and 25% for Mo from coked catalyst and 50% for 
Al, 3% for Fe and 26% for Mo from decoked catalyst. This is due to the highest 
production of sulfuric acid by A. brierleyi in spent medium leaching compared to 
other two methods. One step leaching showed the poorest performance due to the 
inability of the bacteria to survive in the toxic environment of the spent catalyst.  
 
 
Decoking showed marked effect on the leaching characteristics of heavy metals, 
especially for Mo. Decoking not only eliminated coke from catalyst surface and inside 
the pores, but also caused migration of metals such as Mo towards the outer edges of 
the catalyst. This improved the accessibility of metabolites for metal leaching, thus 
leading to higher extraction. Decoking also enhanced the solubility of metal 
compounds by oxidizing metal sulfates to their respective metal oxides. For Type I 
spent catalyst, spent medium leaching of decoked catalyst was most effective for all 
three metals, with high recovery achieved for Mo (93%), Ni (98%) and Al (76%). 
Spent medium leaching showed most significant improvement for Al leaching, which 
increased by 60% (decoked catalyst) and 26% (coked catalyst) when compared to two 
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step leaching. For Type II catalyst, the maximum extraction efficiency achieved by 
spent medium leaching was 90% Fe, 99% Ni and 67% Al from coked catalyst and 
98% Mo from the decoked catalyst. Higher metal leaching by spent medium 
compared to two step leaching indicates indirect mechanism of Acidianus 
bioleaching.  
 
Chemical leaching was performed with the highest concentration of sulfuric acid (80 
mM for Type I and 85 mM for Type II spent catalyst) produced during A. brierleyi 
leaching. Bioleaching showed higher leaching efficiency (up to 30%) for Mo and Ni, 
whereas chemical leaching was effective for Al and Fe. In case of Type I catalyst, 
bioleaching efficiency was higher for Mo by 8% and bioleaching efficiency of Ni was 
comparable with chemical leaching. Similarly, bioleaching efficiency of Type II 
catalyst was higher than chemical leaching for Ni by 30% and both approaches were 
comparable for Mo. The lower pH during chemical leaching (1.2-1.8 vs 2.1-2.7) was 
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BIOLEACHING OF TYPE I AND TYPE II SPENT 
HYDROTREATING CATALYST BY MESOPHILIC 
BACTERIA ACIDITHIOBACILLUS THIOOXIDANS 
 
 
6.1 Introduction  
 
Bioleaching of two types of spent hydrotreating catalyst (Type I and II) by 
thermophilic microorganism Acidianus brierleyi was examined in Chapter 5. In order 
to establish the relative effectiveness of thermophilic bioleaching over mesophilic 
leaching, it is important to investigate the leaching efficiency of the both types of 
spent catalyst by mesophilic bacteria. Acidithiobacillus thiooxidans is one of the most 
common and efficient mesophilic microorganism to be utilized for the bioleaching of 
mineral ores and industrial waste. A. thiooxidans is a sulfur oxidizing microbe similar 
to A.brierleyi and has been extensively studied for spent catalyst bioleaching [15, 160, 
162]. The discovery of A. thiooxidans as a bioleaching microbe in the mining industry 
dates back to 1950’s. Bryner and Beck found A. thiooxidans alongwith A. 
ferrooxidans, capable of leaching copper from Kennecott’s open mines in Bingham 
canyon, Utah [163]. However, A. thiooxidans has been examined at the laboratory 
scale for leaching of metal values from industrial waste only about 30 years ago 
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[164]. Metals such as copper, chromium, zinc and vanadium were completely 
extracted by sulfuric acid produced by A. thiooxdans from industrial waste such as 
slag, galvanic sludge, filter-press residue, filter dust, and fly ash [37]. Previous 
experimental findings from Chapter 5 have established that one step leaching was 
ineffective in extracting metals from spent catalyst (see Section 5.3.3). As a result, 
two step and spent medium leaching were performed for Type I and Type II spent 
catalyst. In this chapter, the culture characteristics of A. thiooxidans are discussed in 
Section 6.2. Sections 6.3 and 6.4 report on the bioleaching of coked and decoked 
Type I and Type II spent catalyst by A. thiooxidans, and compare mesophile 
bioleaching (at 30 ºC) with thermophilic bioleaching by A.brierleyi at (70 ºC).  All 
bioleaching experiments were performed with medium at an initial pH of 2, 1% pulp 
density and catalyst size range of ≤ 45 µm. Conclusions of the experimental results 
are given in Section 6.5. 
 
6.2 Pure culture characteristics 
 
The growth of a pure culture of A. thiooxidans (i.e., without the addition of catalyst) 
monitored over 14 days in terms of pH, optical density (OD) and sulfate 
concentration.  Fig 6.1 shows the pH profile and optical density (OD600nm) of the 
culture. From Day 0-2, the pH decreased marginally and typifies the lag phase. The 
slight difference in pH of the pure culture and the fresh medium (control) at Day 0 is 
due to the acidic inoculum added to pure culture (corresponding amount of DI water 
added to the control in place of the inoculum). From day 2-4, pH decreased from 1.85 
to 1.3, indicating the culture was in the exponential phase. pH decreased further and 
stabilized at 1.13 by the 8th day. In contrast, the pH of the fresh medium (i.e. the 
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control) remained constant (at pH 2) throughout the period. The optical density 
followed a reverse trend to pH and did not increase beyond the 10th day. 
Subsequently, both pH and OD remained relatively constant, indicating the culture 
was in the stationary growth phase.  
 
A. thiooxidans is a chemolithoautotrophs, utilizing CO2 as their C source and deriving 
energy from a chemical transformation of inorganic matter. A. thiooxidans utilizes 
sulfur as its energy source and oxidizes elemental sulfur to sulfate ion or sulfuric acid 
as shown below:  
 
S0 + 3/2 O2 + H2O è  2H+ + (SO4)2-        (1) 
 
Fig. 6.2 shows that during incubation, the sulfate ion concentration increased slowly 
until the 6th day and remained stable thereafter. The maximum sulfate ion 
concentration (on day 14) was found to be 63 mM. The optimum time for catalyst 
addition for two step leaching was when the culture was actively growing.  In 
contrast, spent medium leaching was performed when the culture attained the highest 
OD and acid concentration. As a result, day 4 and day 14 were chosen for catalyst 
addition for two step leaching and spent medium leaching respectively. A. thiooxidans 
showed lower activity in comparison to A. brierleyi, as measured by the pH, sulfate 
concentration and OD.  The highest optical density recorded for A. brierleyi was 0.77 
compared to 0.18, and the lowest pH attained was 0.66 compared to 1.13, for A. 
thiooxidans respectively. The corresponding highest sulfate concentration for A. 
brierleyi was 212 mM compared to 63 mM produced by A. thiooxidans. 
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Figure 6.1. pH profile and optical density (600 nm) of A. thiooxidans culture. 
 
 
Figure 6.2. Sulfate (SO4)2- concentration of pure culture of A. thioxidans and 
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6.3 Bioleaching of Type I spent catalyst 
 
  
Two step and spent medium leaching of Type I catalyst by A. thiooxidans was 
investigated. Based on growth characteristics of the mesophile, the catalyst was added 
after 4 days of incubation for two step leaching and 14 day for spent medium 
leaching. The pH and metal leaching kinetics for Al, Mo and Ni were examined, and 
the metal extraction efficiencies between the mesophile and thermophile were 
compared. 
 
6.3.1 Two step vs spent medium bioleaching  
 
The pH profile of the two step and spent medium bioleaching of coked and decoked 
catalyst is shown in Fig. 6.3a and b respectively. Similar to thermophilic leaching of 
Type I catalyst, the pH increased steeply after catalyst addition for both two step and 
spent medium leaching owing to alkaline nature of catalyst. In all instances, the pH of 
the decoked catalyst was higher than that of the coked catalyst. The pH profile for two 
step bioleaching suggests that catalyst was too toxic to favor microbial growth, as no 
decrease in pH was observed during the bioleaching process. pH rose to 2.07 
(decoked catalyst) and 1.46 (coked catalyst) and gradually increased to 2.46 (decoked 
catalyst) and 1.70 (coked catalyst). In spent medium leaching, however, the pH 
remained relatively constant around 1.55-1.70 for decoked catalyst and 1.37-1.38 for 
coked catalyst.  The reason for the lower pH in spent medium bioleaching compared 
to the two step leaching was the lower pH at the time of catalyst addition for the 
former (at pH 1.13) than the latter (at pH 1.30). Irrespective of the method of 
bioleaching, the pH of the abiotic control (i.e. fresh medium) was always higher than 
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their corresponding bioleached culture. This is due to the higher acid production by A. 
thiooxidans compared to the abiotic control.  
 
Spent medium from A. brierleyi culture was more acidic than that from A. 
thiooxidans; the highest pH recorded for A. brierleyi spent medium was 1.0 (see 
Section 5.3.2) compared to pH 1.7 for A. thiooxidans spent medium. From our 
experimental data, it has been earlier been established that pH is the deciding factor in 
metal leaching kinetics during thermophilic leaching (see section 5.3.2 and 5.4.2). 
This suggests that lower metal extraction efficiency by the mesophile (compared to 





Figure 6.3 a. pH profile of two step bioleached Type I coked and decoked 











0 2 4 6 8 10 12 14 
pH
 





Chapter 6                            Bioleaching of spent catalyst by mesophile A.thiooxidans 
	   143	  
 
 
Figure 6.3 b. pH profile of spent medium bioleached Type I coked and decoked 




The maximum metal extraction efficiencies of Al, Mo and Ni from two step and spent 
medium leaching of the coked and decoked catalyst are presented in Fig. 6.4. On 
close examination, it can be seen that the leaching efficiency in spent medium 
leaching was slightly higher than that in two step leaching. Similar to A.brieleyi, 
indirect (non contact) mechanism was likely to be more important (than direct or 
contact mechanism) (see Section 5.3.2). The most pronounced improvement from 
spent medium leaching over two step leaching was observed for Al, where leaching 
efficiency was increased by 13-14% for coked and decoked catalyst respectively 
(Table 6.1). Irrespective of the method of bioleaching (two step or spent medium 
leaching), Al was efficiently leached from coked catalyst and Mo from decoked 
catalyst. Mo extraction efficiency from the decoked catalyst was highest amongst all 
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coked and decoked catalyst (58 % for coked and 60% for decoked catalyst in two step 
leaching and 65 % for coked and 62% for decoked catalyst in spent medium 
leaching). In all instances, the leaching efficiency of the abiotic (fresh medium) 




Figure 6.4. Maximum metal extraction efficiency for two step and spent medium 
bioleaching of Type I coked and decoked catalyst by A. thiooxidans (BL: 
Bioleached; Con: fresh medium control; Spent med: Spent medium). 
 
 
Table 6.1. Metal leaching efficiency (%) for aluminium, nickel and molybdenum 
and attained by two step leaching and spent medium leaching of Type I coked 
and decoked by mesophile A. thiooxidans. 
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6.3.2 Mesophilic vs thermophilic leaching 
 
Spent medium leaching was found to be effective for both the thermophile and 
mesophile, with the extent of leaching for both two step and spent medium leaching 
being considerably higher for the thermophilic bacteria.  Fig. 6.5 compares the spent 
medium efficiency of mesophilic leaching with thermophilic leaching of coked and 
decoked catalyst Highest leaching efficiency obtained from spent medium leaching of 
Type I catalyst were 31% Al, 65% Ni from coked catalyst and 83% Mo from decoked 
catalyst. Metal leaching by A.brierleyi was higher than A. thiooxidans by 23-32% for 
coked catalyst and 10-50% for decoked catalyst. This can be credited to the combined 
effect of both the higher temperature (i.e. 70 ºC vs 30 ºC) and higher concentration of 
sulfuric acid produced (i.e. 80-85 mM vs 63 mM) by the thermophile. Dissolution of 
metal by acid is enhanced at high temperature, which is also evident from the higher 
metal extraction from the abiotic control (i.e. fresh medium) at 70 ºC than at 30 ºC. 
More than 90% extraction of Ni and Mo, and 76% Al were achieved from 
thermophilic leaching. Similar findings were reported by Konishi et al., where A. 
brierleyi leached seven times more zinc than the mesophile A.ferroxidans [77]. 
Thermophiles such as Sulfobacillus thermosulfidooxidans have also been reported to 
show superior leaching performance compared to mesophilic bacteria, especially in 
leaching of sulfide ores [28, 97].  Thermophilic leaching showed more significant 
effect on decoked catalyst compared to the coked catalyst. The most significant 
improvement in leaching efficiency was observed for Al (by 50%) and Ni (by 37%) 
for the decoked catalyst. Metal ions in the decoked catalyst were easily accessible for 
the leaching agent, leading to greater dissolution of Al and Ni with the increased acid 
concentration. The specific surface area and pore radius of the Type I coked catalyst 
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increased by 17.2% after decoking, due to removal of coke and other impurities, 




Figure 6.5. Maximum metal extraction efficiency for mesophile and thermophile 
bioleaching of Type I coked and decoked catalyst (Meso: Mesophile 




6.4 Bioleaching of Type II catalyst  
 
6.4.1 Spent medium bioleaching  
 
Based on A. thiooxidans leaching of Type I catalyst, spent medium leaching was 
found to be most effective and resulted in the highest metal extraction. Fig. 6.6 
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catalyst by A. thiooxidans. pH increased steeply upon addition of both coked and 
decoked due to alkaline nature of spent catalyst. Coked catalyst was more alkaline 
than decoked catalyst and the pH of the control (i.e. fresh medium) was higher than 
bioleached coked and decoked catalyst. pH for coked catalyst increased steeply 
during the first 48 hour (to pH 3.75 for bioleached culture and pH 4.37 for the 
control), followed by a gradual decline until the end of bioleaching period (pH 2.98 
for bioleached culture and pH 3.66 for the control). In contrast, pH of the decoked 
catalyst remained stable at 1.73 (bioleached culture) and 2.9 (medium control) after 
the initial rise. Similar pH change was also observed for A. brierleyi bioleaching of 
Type II catalyst, except that its pH was significantly lower. The higher pH in the 
mesophilic leaching is due to the lower microbial activity of A. thiooxidans compared 




Figure 6.6. pH profile of spent medium bioleached Type II coked and decoked 
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Fig. 6.7 presents the maximum leaching efficiencies of Al, Fe, Ni and Mo from spent 
medium leaching of coked and decoked catalyst. Decoking the catalyst resulted in 
higher metal leaching efficiencies from Mo (74%) whereas coked catalyst yielded 
better leaching efficiencies for all other metals with 34% Al, 38% Fe and 50% Ni 
leached. Ni extraction from the coked catalyst was higher than the decoked catalyst 
by 15%. Fresh medium (control) of coked and decoked catalyst were also able to 
extract Ni to similar extent as that of their respective bioleached samples. This is 
because Ni was present in smallest concentration (~2%) compared to other metals. 
The bioleaching characteristics of Type II catalyst by A. thiooxidans leaching are 




Figure 6.7. Maximum metal extraction efficiency of spent medium bioleaching of 
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6.4.2 Mesophile vs thermophile bioleaching 
 
 
Thermophilic leaching of Type II catalyst was compared with mesophilic leaching 
with A. thiooxidans in Fig. 6.8. In general, the rate and extent of thermophilic 
bioleaching of all the metals by A. brierleyi were considerably higher that from A. 
thiooxidans bioleaching. This was due to higher concentration of sulfuric acid 
produced during A.brierleyi growth (see Section 5.4.2). The latter was able to extract 
34% Al, 38% Fe, 50% Ni and 74% Mo extraction from Type II spent catalyst. In 
contrast, the former was able to leach more than 90% of Fe, Ni and Mo and 67% Al 
from Type II spent catalyst. A. brierleyi metal leaching efficiency was higher by 34% 
(Al), 52% (Fe), 52% (Ni) and 17% (Mo) for Type II coked catalyst. Decoked catalyst 
leaching efficiency was enhanced by 38% (Al), 3.4% (Fe), 6 % (Ni) and 24% (Mo). 
Irrespective of the type of spent catalyst used (Type I and II) thermophilic leaching of 
A. brierleyi at 70 ºC could enhance the leaching kinetics of all metals. The present 
results corroborate the reports of improved dissolution kinetics of metals such as Cu 
and Zn from sulfidic ores by thermophilic bacteria [65, 74].  
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Figure 6.8. Maximum metal extraction efficiency for mesophile and thermophile 
bioleaching of Type II coked and decoked catalyst (Meso: Mesophile; Thermo: 




A. thiooxidans is the most common and well studied sulfur oxidizing mesophilic 
bacteria for the bioleaching of mineral ores and industrial waste. The use of 
thermophilic microorganism such as A. brierleyi for the bioleaching of industrial 
waste has not been reported. A. brierleyi grows at 70 ºC and has been shown to have a 
greater leaching capacity than mesophilic bacteria growing about 30 ºC. The 
bioleaching performance of mesophilic strain A.thiooxidans was evaluated for two 
types of spent hydrotreating catalyst and compared with leaching ability of 
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and convert elemental sulfur into sulfate ions, which then react with H+ ions to 
produced sulfuric acid (see Section 2.2.1). Sulfuric acid was the main leaching agent, 
and higher the acid production, higher was the dissolution kinetics. As a result, 
culture pH was observed to be the determining factor for the dissolution process. 
Lowest pH measured during A. brierleyi growth was 0.66, whereas A. thiooxidans 
lowered the pH to 1.13.  Similar to A. brierleyi, A.thiooxidans was also unable to 
grow in the toxic environment of spent catalyst. This is evident from higher 
dissolution kinetics obtained from spent medium leaching than two step leaching. 
Another reason could be the lower pH of spent medium than two step leaching 
process at the time catalyst addition. The highest leaching efficiency obtained from 
spent medium leaching of Type I catalyst were 31%Al, 65% Ni from coked catalyst 
and 83% Mo from decoked catalyst. The maximum extraction from Type II catalyst 
was 34% Al, 38% Fe, 50% Ni from coked catalyst and 74% Mo from decoked 
catalyst.  
 
Both microorganisms were able to leach heavy metal from two types of spent catalyst. 
Mesophilic leaching characteristics for coked and decoked catalyst were similar to 
that from thermophile leaching. Spent medium leaching was more effective than two 
step leaching for both A.thiooxidans and A. brierleyi. This suggests that indirect 
leaching or non-contact mechanism of bioleaching is likely to be the dominant 
mechanism. The extent of bioleaching however, was significantly higher from high 
temperature leaching. A. brierleyi leaching performance was 23-32% higher for Type 
I coked catalyst and 10-50% higher for Type I decoked catalyst. In the case of Type II 
catalyst, thermophilic leaching was 17-52% higher for coked catalyst and 3-34% 
higher for decoked catalyst. The higher concentration of sulfuric acid produced by A. 
Chapter 6                            Bioleaching of spent catalyst by mesophile A.thiooxidans 
	   152	  
brierleyi during its microbial growth (80-85 mM) was responsible for higher leaching 
capacity of thermophilic bacteria. This demonstrates the feasibility and efficacy of 
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EFFECT OF SULFUR CONCENTRATION, pH, PULP 
DENSITY AND PARTICLE SIZE ON BIOLEACHING OF 





The previous chapters discussed the physicochemical properties of two types of 
hydrotreating catalyst, followed by their bioleaching with thermophilic and 
mesophilic microorganism.   Bioleaching with the thermophile A.brierleyi was shown 
to be superior to the mesophile A. thiooxidans. Irrespective of the pretreatment 
method and the type of hydrotreating catalyst used, spent medium leaching showed 
improved leaching kinetics in comparison to two step leaching. For these reasons, 
only spent medium leaching of coked and decoked catalyst was investigated to 
examine the effect of bioleaching parameters such as sulfur concentration, pH, pulp 
density and particle size. This chapter reports on the role of these process parameters 
on the spent medium bioleaching of Type II spent catalyst by A.brierleyi.. Unless 
otherwise specified, the default bioleaching conditions were 10g/L elemental sulfur, 
pH 2, 1 % pulp density and <45 µm particle size. Fresh medium controls (Acidianus 
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medium without bacteria or abiotic leaching) were examined for each of these 
parameter to determine the efficacy of biotic leaching.  
 
A.brierleyi culture (DSM 1651) was grown in Acidianus medium (DSM Catalogue of 
Strains) containing 3.00 g/L (NH4)2SO4, 0.50 g/L K2HPO4.3H2O, 0.50 g/L 
MgSO4.7H2O, 0.10 g/L KCl , 0.01 g/L Ca(NO3)2 , 0.2 g/L yeast extract and 10 g/L 
sulfur at pH 2 (see Section 3.3). Several publications have reported that A.brierleyi 
was able to utilize both iron and sulfur as energy sources and grow at a varying pH 
range (1-2.5) [89, 155, 165]. The optimum nutrient concentration (sulfur and iron) 
was investigated by culturing bacteria in Acidianus medium containing either 5g/L, 
10g/L and 20 g/L of sulfur or 1g/L, 5g/L and 10g/L of Fe2+ ions. pH of the culture 
medium significantly affects the growth and activity of acidophilic micro-organisms 
along with the metal dissolution process. Highest metal extraction takes place at the 
pH range ideal for microbial growth (due to maximum production of metabolites). 
Pradhan et al. reported increasing metal dissolution with increasing medium pH from 
1.5 to 2.5, and a further increase in pH resulted in lower leaching efficiencies due to 
optimum microbial activity (A.thiooxidans) at pH range 2-2.5 [166]. In the current 
work, bacteria were grown in Acidianus medium (containing 10g/L sulfur) at 
different initial medium pH (1, 1.5 and 2). Spent medium obtained from culturing 
bacteria in different medium conditions (varying nutrient concentration or medium 
pH) was used to compare the leaching efficiency of coked and decoked catalyst. 
 
Extreme thermophiles such as A.brierleyi are known to be highly sensitive to shear 
and high solid loading, due to the absence of a rigid peptidoglycan cell wall, which 
leads to reduced leaching rates at high shear and solid concentration [22, 31, 32]. Our 
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experimental data corroborates this fact, as A.brierleyi was unable to grow in the toxic 
environment of the spent catalyst. High pulp density increases the amount of toxic 
metals in the leaching medium, which can inhibit the growth of microorganisms. Pulp 
densities was varied from 1% to 2% to 4%, until increasing pulp densities caused a 
reduction in leaching efficiency. Typically, increasing the pulp density increases the 
leaching yield until microbial growth is inhibited by the high solid content. Particle 
size distribution is also recognized as a particularly important factor that affects 
bioleaching by extreme thermophiles [167], since particle size influences shear forces, 
physical attrition, as well as the surface area available for leaching agent and mass 
transfer reactions. Bioleaching studies were compared for three different particle size 
and < 45 µm , 45-100 µm and 150-100-150 µm. 
 
 
7.2 Effect of nutrient concentration 
 
7.2.1 Acidianus culture study at different nutrient concentration  
 
 
Microbial species derive their energy from the oxidizing nutrients. Metal dissolution 
is directly proportional to microbial activity, so that leaching rate is dependent on the 
availability of nutrients. Increasing the nutrient concentration may result in an 
increase in the leaching rate due to an increase in metabolite concentration as well as 
microbial activity [15]. A. brierleyi is a sulfur oxidizing species, producing sulfuric 
acid from elemental sulfur (10g/L optimum concentration according to the 
specifications of DSM Catalogue of Strains) in the microbial medium: 
 
 
S0 + (3/2) O2 + H2O —> H2SO4         (1) 
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However, at a particular sulfur concentration, sulfate production has been reported to 
follow zeroth order kinetics; sulfate production remains constant irrespective of the 
sulfur concentration due to low solubility of sulfur [168]. Effect of varying sulfur 
concentration on microbial activity and bioleaching rate was investigated by changing 
sulfur concentration at 5g/L, 10g/L and 20 g/L in the microbial medium.   
 
Earlier publications have suggested that A. brierleyi can also derive its energy by 
oxidizing iron (instead of sulfur). Nemati and Harrison have reported that A. brierleyi 
was also able to grow in presence of Fe2+ ions at various concentration such as 0.8, 
1.8, 3.5 and 5.8 g/L (varying Fe2+concentration added to the culture medium in place 
of 10 g/L sulfur) [165]. In order to determine the optimum iron concentration, A. 
brierleyi was grown in Acidianus medium containing various Fe2+ concentration 
(1g/L, 5g/L and 10g/L) in place of sulfur. Inspite of many attempts, A.brierleyi was 
not able to show any significant growth in the presence of Fe2+ ions (at all 
concentrations). It is possible that the bacteria were unable to utilize a new substrate 
(Fe2+ ions in this case) unless it is adapted to very low concentration of the substrate 
initially in the presence of elemental sulfur. There have been earlier publications, 
where A. brierleyi was gradually adapted to low grade ores in the Acidianus medium 
[74, 77]. According to Vilcaez et al., A. brierleyi strain adapted to 10g/L chalcopyrite 
ore was able to grow in medium containing only variety of energy sources: only 
sulfur (1-10 g/L), only Fe3+ ions (4.5) and a combination of Fe3+ ions and sulfur (4.5 
g/L iron with 10 g/L sulfur). However, maximum microbial activity of the adapted 
strain was detected in medium containing only sulfur (10 g/L) as the energy source 
[155].  
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Growth and sulfate ion production by A.brierleyi at different elemental sulfur 
concentration is presented in Figs. 7.1-7.3. Elemental sulfur was oxidized to sulfuric 
acid by A.brierleyi, resulting in the lowering of medium pH (Eq. 1). Absence of 
bacteria in the fresh medium (control) was evident from the relatively constant pH 
and sulfate concentration at varying sulfur concentration. pH profile, optical density 
and sulfate concentration show that microbial activity increased with increase in 
sulfur concentration (Figs. 7.1-7.3). Changes in pH, OD and sulfate concentration for 
the Acidianus culture at 5g/L sulfur concentration indicates limited microbial activity, 
with highest pH (1.2) and lowest OD (0.29 units) and sulfate concentration (102 mM). 
In contrast, the bacteria grew well at both 10g/L and 20g/L of elemental sulfur. The 
extent of increased microbial growth at higher sulfur concentration was more 
significant with an increase in sulfur concentration from 5g/L to 10g/L, than from 
10g/L to 20g/L. Similar trend for pH change, OD and sulfate concentration was 
observed in the presence of 10 and 20g/L sulfur. pH of the Acidianus culture growing 
at 10g/L and 20g/L sulfur decreased from pH 2 (initial medium pH) to 0.66 and 0.32 
respectively. The highest OD recorded for 10g/L and 20 g/L of sulfur was 0.77 and 
0.86 respectively, with corresponding maximum sulfate concentration at 213 mM and 
269 mM.(Fig. 7.2 and 7.3). Evidently, a minimum sulfur concentration was necessary 
for optimum microbial growth. Above the threshold concentration, microbial activity 
did not increase to the same extent as the increase in sulfur concentration. Microbial 
oxidation of elemental sulfur is considered to take place through adsorption of 
microbial cells on the sulfur particles by Van der wall forces. Increase in sulfur 
concentration increases the available surface area leading to higher acidification rate 
(Eq. 1). However, beyond an optimum concentration, oxidation of sulfur has been 
shown to be substrate inhibited [61]. 
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Figure 7.1 Effect of sulfur concentration on the pH profile of A. brierleyi culture 
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Figure 7.3 Effect of sulfur concentration on sulfate (SO4)2- concentration of A. 




7.2.2 pH profile of spent medium leaching  
 
 
Bioleaching with coked and decoked catalyst (1% pulp density, <45 µm particle size) 
was performed with spent medium obtained from growing A. brierleyi  at an initial 
pH of 2 in the presence of 5g/L, 10g/L and 20g/L sulfur. pH profile of the bioleached 
coked and decoked catalyst at various nutrient concentrations is shown in Figs. 7.4a 
and b respectively. pH of the fresh medium control (abiotic leaching) was higher than 
the respective bioleached samples (biotic leaching) for all conditions.  
 
Medium pH increased rapidly for both coked and decoked catalyst with catalyst 
addition due to the alkaline nature of the catalyst. Increase in pH with catalyst 
addition was dependent on spent medium pH at each sulfur concentration and the type 
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sulfur, its spent medium pH before catalyst addition (1.12) was highest compared to 
that at 10 g/L and 20g/L (0.66 and 0.32 respectively) (Fig. 7.1). pH profile of 
bioleached samples was similar to the pH profile of pure culture, with lowest pH 
detected for 20g/L (0.74 for coked catalyst and 0.61 for decoked catalyst) and highest 
pH for 5g/L (1.64 for coked catalyst and 1.45 for decoked catalyst). Increase in pH 
with catalyst addition was different for coked and decoked catalyst. Coked catalyst 
was more alkaline than decoked catalyst.  After the initial increase, pH remained 
relatively constant for both coked and decoked bioleached catalyst (at all sulfur 
concentration) except for the pH for coked control (abiotic leaching), which decreased 
following the initial increase in pH with catalyst addition. The reason for this has been 




Figure 7.4a. Effect of sulfur concentration on the pH profile of spent medium 
leaching - coked catalyst (BL: bioleached; Control: fresh medium; pH 2, 1% 
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Figure 7.4b. Effect of sulfur concentration on the pH profile of spent medium 
bioleaching - decoked catalyst (BL: bioleached; Control: fresh medium; pH 2, 






7.2.3. Metal extraction from spent medium leaching  
 
 
Maximum metal leaching efficiency from spent medium leaching at different sulfur 
concentration for coked and decoked catalyst are listed in Table 7.1. Effect of sulfur 
concentration on the leaching characteristics of individual metal (Al, Fe, Ni, Mo) for 
coked and decoked catalyst are shown in Figs. 7.5-7.8. Biotic leaching efficiency was 
lower at 5g/L compared to 10g/L sulfur concentration; for coked catalyst, leaching 
efficiency was lower for Al (11%), Fe (8%) and Ni (12%) (Table 7.1). Mo leaching 
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days of bioleaching (Fig. 7.8a). For decoked catalyst, bioleaching efficiency increased 
for all metals (14% for Al, 2% for Fe, 2% for Ni and 29% for Mo) on increasing the 
sulfur concentration from 5g/L to 10g/L. The lower extraction efficiency at 5g/L 
sulphur was due to limited microbial activity producing a lower acid concentration 
than at 10g/L (Figs. 7.1 and 7.3). Highest improvement with increase in sulfur 
concentration from 5g/L to 10g/L was seen in Mo leaching of decoked catalyst, (an 
observation was not seen in the case of coked catalyst) (Fig. 7.8a). The reason for this 
was the higher solubility of Mo oxides in decoked catalyst, compared to molybdenum 
sulfides in coked catalyst (see Section 5.3.1). Significant improvement in Mo leaching 
with increase in sulfur concentration is consistent with the results from spent catalyst 
bioleaching by Mishra et al., where increase in sulfur concentration from 10 to 20 g/L 
increased Mo leaching efficiency by 25%, whereas the improvement for Ni and V 
was only 1 and 6% respectively [156].  
 
Increasing sulfur concentration from 10g/L to 20g/L did not lead to significant 
increase in metal leaching efficiency (Table 7.1). This shows that beyond the 
threshold sulfur concentration (10 g/L in this case), microbial activity and leaching 
efficiency was not significantly affected by the increase in sulfur concentration.  This 
is consistent with the bioleaching of copper, zinc and lead from mine tailings by 
sulfur oxidizing bacteria [169]. Although metal solubilization increased on increasing 
sulfur concentration from 5-20 g/L, the improvement was much more prominent for 
increase in sulfur concentration from 5-10g/L than for 10-20 g/L. Further increase in 
sulfur concentration (3-5g/L) reduced the leaching efficiency due to substrate 
inhibition (see Section 7.3.1) 
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Al, Fe and Ni leaching was higher from coked catalyst (Figs. 7.5-7.7) and Mo 
leaching was higher from decoked catalyst for the respective sulfur concentration 
(Fig. 7.8). For coked catalyst, considerable difference between biotic and abiotc 
leaching was observed for Al (52-61%) and Fe (72-77%), whereas this difference was 
smaller for Ni (9-13%) and Mo (23-24%) (Table 7.1). For decoked catalyst, biotic 
leaching was higher than abiotic leaching by 47-61% for Al, 1-6% for Fe, 6-9% for Ni 
and 17-21% for Mo. Metal leaching characteristics of coked and decoked catalyst has 




Table 7.1 Maximum metal leaching efficiency (%) for coked catalyst at different 
sulfur concentration (g/L) (BL: Bioleached, Con: fresh medium control; highest 
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     (b) 
 
Figure 7.5. Effect of sulfur concentration on Aluminium leaching efficiency for 
spent medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, 
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Figure 7.6. Effect of sulfur concentration on Iron leaching efficiency for spent 
medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: 
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Figure 7.7. Effect of sulfur concentration on Nickel leaching efficiency for spent 
medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: 
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Figure 7.8. Effect of sulfur concentration on Molybdenum leaching efficiency for 
spent medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, 
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Fig. 7.9 compares maximum metal leaching efficiency for spent medium leaching at 
different sulfur concentration (5-20g/L sulfur). Highest extraction efficiency was 
observed in the presence of 10 and 20g/L sulfur, while lowest efficiency was 
observed at 5g/L sulfur.  Lowest metal recovery at 5g/L can be attributed to poor 
microbial activity at 5g/L sulfur concentration. In spite of the greater pH decrease and 
higher OD in the medium with 20g/L sulfur, metal extraction was comparable to that 
in presence of 10g/L sulfur. This suggests optimal sulfur concentration for spent 






Figure 7.9 Effect of sulfur concentration on the maximum leaching efficiency of 
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7.3 Effect of initial medium pH 
 
7.3.1 Acidianus culture study at different initial medium pH 
 
 
It has been established in Chapter 5 that pH was the dominant parameter influencing 
the rate of metal leaching, with increased leaching kinetics at lower pH. Microbial 
growth of acidophiles such as A. brierleyi is also influenced by the medium pH. A. 
brierleyi has an optimum pH of about 2, but reportedly grows well at pH range of 1-2 
[89]. Plumb et al. reported that A. brierleyi grew optimally between pH 1 and 1.5 
[168], although Vilcaez et. al demonstrated that pH 2 was ideal for the microbial 
growth [155]. Thus, there appears to be some uncertainty on the optimum pH for 
highest metal extraction, possibly due to different substrates used for different studies. 
It is therefore important to evaluate the effect of varying pH on the metal extraction.  
 
Growth characteristics (pH and OD) and sulfur oxidation were examined for A. 
brierleyi cultured at initial medium pH 2, 1.5 and 1. Figs. 7. 10 and 7.11 show the pH 
profile and optical density of Acidianus culture at various pH. Compared to initial 
medium pH 1 and 1.5, a more rapid decrease in pH (i.e. an indication of microbial 
activity) was observed with the culture growing at an initial pH of 2, where the lowest 
pH (0.66) was noted at Day 20. A. brierleyi grows best at initial medium pH 2, and 
attained the highest OD (0.77). Adverse effect of reduced initial medium pH on 
microbial growth was most pronounced at pH 1, with the lowest OD recorded at pH 1 
(0.37) compared to pH 1.5 (0.44). The effect of initial medium pH on sulfur oxidation 
was consistent with pH and OD data; while A. brierleyi oxidized elemental sulfur at 
both initial medium pH 1 and 1.5, sulfur oxidation was highest at initial medium pH 2 
(Fig. 7.12). Despite the higher sulfate concentration at the time of inoculation at initial 
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medium pH 1.5 and 1 (from the addition of sulfuric acid), sulfate concentration for 
pH 2 culture increased beyond that for pH 1.5 and pH 1 and peaked at 213 mM. For 
all the fresh medium (control), the pH and sulfate concentration remained relatively 
constant due to absence of bacteria, with highest pH and sulfate concentration at 
initial medium pH 1 and lowest at pH 2. This was expected because of the higher 
concentration of sulfuric acid added to the fresh medium (control) at pH 1. Results 
obtained in our study show that A. brierleyi grew at initial medium pH 1.5 and 1, but 
its optimum microbial activity was observed at initial medium pH 2. Different results 
were reported by Plumb et al., who noted the optimal pH range for microbial growth 
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Figure 7.10. Effect of initial medium pH on the pH profile of A. brierleyi 
(Control: Fresh medium). 
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Figure 7.12. Effect of initial medium pH on the sulfate (SO4)2- concentration of A. 






7.3.2 pH profile of spent medium leaching  
 
Bioleaching was performed using spent medium harvested from Acidianus culture 
grown at initial medium pH 1, 1.5 and 2.  The pH profile for spent medium leaching 
of coked and decoked catalyst at varying initial medium pH is given in Figs. 7.13a 
and b. Bioleaching pH profile depends on the pH of spent medium and the form of 
spent catalyst. Bacteria cultured at initial medium pH 2, resulted in the lowest spent 
medium pH (0.66), whereas the highest spent medium pH was attained by bacteria 
cultured at initial medium pH 1.5 (1.13) (Fig. 7.10). After the addition of catalyst, 
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bacteria at initial pH 2 (0.95 for coked and 0.97 for decoked) and the highest for spent 
medium from initial medium pH 1.5 (1.51 for coked and 1.2 for decoked). In contrast, 
highest pH of the abiotic control was recorded for initial medium pH 2 and lowest for 
initial medium pH 1. The reason for this was the higher concentration of sulfuric acid 
added to fresh medium (control) at pH 1 (see Section 7.3.1). pH difference between 
biotic and abiotic leaching was minimum for spent medium obtained from initial 
medium pH 1 compared to pH 1.5 and 2. This is because higher buffering capacity at 
pH 1 allows medium control to maintain low pH in spite of catalyst addition. pH of 
the fresh medium control (abiotic leaching) was higher than the respective bioleached 
samples (biotic leaching) for all conditions.   	  
 
Addition of catalyst was marked by an increase in pH of the spent medium. This was 
due to alkaline nature of catalyst (see Section 5.4.1). However, the pH difference 
between bioleached culture for initial medium pH 1, 1.5 and 2 was less for decoked 
catalyst in comparison to coked catalyst. This can be attributed to coked catalyst 
being more alkaline than decoked catalyst (see Section 5.4.1). After the initial 
increase, pH of coked control (abiotic leaching) decreased over the period of leaching, 
whereas pH remained constant in all other conditions (coked biotic leaching and 
decoked biotic and abiotic leaching). The reason for this has been discussed in 
Section 5.4.2.  
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Figure 7.13 a. Effect of initial medium pH on the pH profile of spent medium 
leaching - coked catalyst (BL: bioleached; Con: Fresh medium control, 10g/L S, 





Figure 7.13 b. Effect of initial medium pH on the pH profile of spent medium 
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7.3.3 Metal extraction from spent medium leaching  
 
 
Maximum metal leaching efficiency at varying initial medium pH for spent medium 
leaching of coked and decoked catalyst are listed in Table 7.2. Effect of initial 
medium pH on the leaching characteristics of individual metal (Al, Fe, Ni, Mo) for 
coked and decoked catalyst is shown in Figs. 7.14-7.17. Metal dissolution was 
dependent on the extent of decrease in pH during microbial growth and the pH of the 
spent medium. pH of the spent medium (harvested on day 20 of the microbial culture) 
at initial medium pH 1, 1.5 and 2 was 0.69, 1.13 and 0.66 respectively (Fig. 7.10). 
Consequently, metal extraction at initial medium pH 1 and 2 was higher than the 
metal extraction at initial medium pH 1.5 (Figs. 7.14-7.17). Leaching efficiency at 
initial medium pH 1.5 was lower than at initial medium pH 2 by 10-47% (21% for 
Al, 10% for Fe, 38% for Ni and 17% Mo for coked catalyst and 10% for Al, 10% for 
Ni and 47% Mo for decoked catalyst) and 3-23% for initial medium pH 1 (18% for 
Al, 15% for Fe, 12% for Ni and 7% Mo for coked catalyst and 23% for Al, 3% for Fe, 
13% for Ni and 10% Mo for decoked catalyst) (Table 7.2).  
 
Biotic leaching efficiency at initial medium pH 2 was higher than at initial medium 
pH 1 for most metals (3% for Al, 26% for Ni and 10% Mo for coked catalyst and 2% 
for Ni and 37% Mo for decoked catalyst). This was due to higher microbial activity at 
initial medium pH 2 compared to initial medium pH 1 (indicated by the more rapid 
decrease in pH from its initial value) (see section 7.3.1). However, a lower leaching 
efficiency at initial medium pH 1 did not occur for Fe leaching, due to increased 
solubility Fe at pH below 1.5 (discussed in Section 5.3.2). Effect of increased 
solubility at lower pH was also seen for Al leaching from decoked catalyst, but not for 
the coked catalyst (Figs. 7. 14a and b) The reason for this was easier accessibility of 
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leaching agent in decoked catalyst due to removal of coke and other insoluble 
impurities from the spent catalyst (see Section 4.3 and 4.4).  
 
However, it is important to realise that high metal extraction at initial medium pH 1 
(in spite of reduced microbial activity) was mainly due to the higher concentration of 
sulfuric acid added in the beginning of inoculation (see Section 7.3.1). This is evident 
from the very small difference between biotic leaching and abiotic leaching at initial 
medium pH 1 (3-12% for coked catalyst and 1-10% for decoked catalyst) (Table 7.3). 
Similar trend was also seen for biotic and abiotic leaching at initial medium pH 1.5 
(biotic leaching efficiency higher by 4-34% for coked catalyst and 5-29% for decoked 
catalyst compared to abiotic leaching) (Table 7.3). In contrast, difference between 
biotic and abiotic leaching was most significant at initial medium 2 (14-63% for 
coked catalyst and 3-61% for decoked catalyst) in comparison to initial medium pH 1 
and 1.5 (Table 7.3).  The only exception seen for this trend was for Fe leaching from 
decoked catalyst at initial medium pH 2.  Fe leaching efficiency from decoked 
catalyst was lowest in comparison to all other metals due to low solubility of iron 
oxides in the decoked catalyst (Fig. 7.15 b). Solubility of iron oxides increased with 
decrease in initial medium pH from 2 to 1. Higher solubility increased the leaching 
efficiency of both biotic and abiotic with decrease in medium pH, resulting in 
maximum difference between biotic and abiotic leaching at pH 1.5 (Table 7.2). 
Greater difference between biotic and abiotic leaching for initial medium pH 1.5 
(compared to pH 1) was expected, because of less sulfuric was added in the beginning 
for pH 1.5 than for pH 1. Increasing leaching efficiency of the abiotic controls with 
decrease in initial medium pH from 2 to 1 was also due to the same reason (Table 
7.2). As discussed in Section 5.4.1, leaching efficiency of Fe and Ni leaching was 
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higher from coked catalyst (Fig. 7.15-7.16) and Mo leaching was higher from 
decoked catalyst for the respective initial medium pH (Fig. 7.17). Effect of increased 
acidity (from initial medium pH 2 to 1) on Al leaching was more prominent for 
decoked catalyst (Figs. 7.14a and b) due to removal of coke and other insoluble 
impurities from the spent catalyst (see Section 4.3 and 4.4). 
 
 
Table 7.2: Maximum metal leaching efficiency (%) for coked catalyst at different 
initial medium pH (BL: Bioleached, Con: fresh medium control; highest leaching 
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Figure 7.14. Effect of initial medium pH on Aluminium leaching efficiency for 
spent medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, 
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Figure 7.15. Effect of initial medium pH on Iron leaching efficiency for spent 
medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: 
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Figure 7.16. Effect of initial medium pH on Nickel leaching efficiency for spent 
medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: 
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Figure 7.17. Effect of initial medium pH on Molybdenum leaching efficiency for 
spent medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, 
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Table 7.3: Effect of initial medium pH on the difference between biotic and 
abiotic leaching at varying initial medium pH (highest difference in each case 
highlighted in bold). 
 
 
Difference between biotic and abiotic  
leaching at different initial medium pH 




                  

















1 3 5 12 2 10 1 5 7 
1.5 34 31 8 4 29 5 5 1 




Fig 7.18 illustrates the effect of initial medium pH (1, 1.5 and 2) on maximum 
leaching efficiency of Al, Fe, Ni and Mo from coked and decoked spent catalyst. 
Most significant difference between biotic and abiotic leaching at initial medium pH 2 
suggests that optimum pH for A. brierleyi growth and metal extraction was pH 2. 
Apart from Al and Fe leaching at pH 1, pH 2 leaching efficiency was higher than that 
at pH 1 and 1.5 for both coked and decoked catalyst. This is due to higher microbial 
activity at pH 2 (see Section 7.3.1). Lowest metal extraction was observed at pH 1.5. 
Enhanced metal dissolution at pH 1 compared to pH 1.5 leaching was due to higher 
concentration of sulfuric acid added in the beginning of inoculation. Current findings 
show that pH is the most important parameter controlling leaching kinetics and 
increasing the acid concentration (below pH 2) is not recommended for A. brierleyi 
leaching. This is different from the results of Deveci et al., where zinc and iron 
leaching efficiency from sulfide ore (a mixture of ZnS, PbS and FeS2) by A. brierleyi 
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increased with decrease in initial medium pH from 2 to 1.2 [89]. This was due to 
difference in bioleaching conditions in the two cases, i.e. one step bioleaching of the 
sulfide ore in the latter compared to spent medium leaching of spent catalyst in the 
former. It is likely that jarosite formation in the presence of pyrite ore inhibited the 





Figure 7.18. Effect of initial medium pH on the maximum leaching efficiency of 
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7.4 Effect of pulp density 
 
 
Pulp density is an important parameter that affects the leaching kinetics and process 
economics. A higher optimum pulp density would result in smaller reactor volume 
and energy consumption per unit weight of waste material. Extreme thermophiles 
have been reported to be extremely sensitive to high pulp densities (see section 2.4.8) 
[32]. As there is a limit to the metal concentration that microorganisms can tolerate, it 
is very important to determine the effect of increasing pulp densities on the leaching 
efficiencies of the metals. In the present study, spent medium harvested on day 20 of 
bacteria cultured in Acidianus medium at pH 2, and 10g/L sulfur was used to 
investigate pulp density at 1%, 2% and 4% for coked and decoked spent catalyst. 
 
 
7.4.1 pH profile of spent medium leaching 
 
 
Figs. 7.19a and b show the pH profile of coked and decoked catalyst during 
bioleaching at 1%, 2% and 4% pulp density (PD).  Medium pH increased upon 
addition of spent catalyst due to the alkaline nature of the spent catalyst (see Section 
5.4.1). The increase in pH was higher at higher pulp density, with the highest pH 
attained at 4% PD for both coked and decoked catalyst (Fig. 7.19 a and b). This was 
consistent with the findings of Ishigaki et al., where higher pulp density resulted in 
higher pH (pH 1.7 for 1% PD, pH 3.6 for 2% PD and pH 4 for 3%PD) during 
bioleaching of fly ash by sulfur oxidizing bacteria [12]. Increase in pH was more 
pronounced for the coked catalyst since the coked catalyst was more alkaline than the 
decoked catalyst (see Section 5.4.1). For example, on increasing pulp density from 
1% to 4%, pH of the biotic coked catalyst increased from 0.95 to 1.68, whereas pH 
for the biotic decoked catalyst increased from 0.94 to 1.12. After the initial increase in 
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pH (due to catalyst addition), pH remained relatively stable for both biotic and abiotic 
decoked catalyst for the remaining time period. In contrast, pH of the abiotic coked 
catalyst decreased, whereas the pH of the biotic coked catalyst remained stable for the 
remaining time period. The reason for this has been discussed in Section 5.4.2. pH of 
abiotic leaching (both coked and decoked catalyst) was higher than the respective 







Figure 7.19 a. Effect of pulp density on the pH profile of spent medium leaching - 
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Figure 7.19 b. Effect of pulp density on the pH profile of spent medium leaching 




7.4.2 Metal extraction from spent medium leaching  
 
 
Maximum metal leaching efficiencies for spent medium leaching of coked and 
decoked catalyst at different pulp density (PD) are listed in Table 7.4. Effect of pulp 
density on the leaching characteristics of individual metals (Al, Fe, Ni, Mo) for coked 
and decoked catalyst is shown in Figs. 7.20-7.23. The results showed increase in 
metal extraction with increase in pulp density from 1% to 2%, but further increase 
(from 2% to 4%) caused a considerable decrease in metal leaching efficiency. 
Leaching characteristics for coked and decoked catalyst was similar for 1%, 2% and 
4% PD, with highest extraction efficiency of Al, Fe, Ni achieved from coked catalyst 
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2% PD was the optimum pulp density for all metals from coked catalyst and for Al 
from decoked catalyst (Table 7.4). Highest metal extraction (98%) was achieved from 
Fe and Ni from coked catalyst, in spite of increase in pulp density to 2% (Fig. 7.21 
and 7.22a). The reason for high Fe and Ni extraction from coked catalyst was 
discussed in Section 5.4.1. Al dissolution from decoked catalyst (Fig. 7. 20b) and Mo 
dissolution from coked catalyst (Fig. 7.23a) at 2%PD was similar to that at 1% PD, in 
spite of the higher pulp density. In contrast, Mo leaching from decoked catalyst 
decreased with increase in pulp density from 1% to 4%. Mishra et al. reported similar 
findings, where Mo leaching efficiency decreased from 71% to 22% with increasing 
pulp density from 0.5% to 5% [156]. The reason for this was speculated to be the 
precipitation of Mo oxides (MoO2 and MoO3) at high pulp density. Precipitation of 
Molybenum oxides can be explained on the basis of Mo chemistry in aqueous 
solution at varying pH. Under acidic conditions, Mo (VI) undergoes polymerization to 
form various Mo species MoaObn- such as Mo7O246- and Mo8O264- leading to the 
formation of insoluble hydrous molybdenum oxide (VI) oxide, MoO3.xH2O [157].   
 
Increase in pulp density from 2% to 4% had a detrimental effect on the leaching 
efficiency in all case, except for Fe and Ni leaching from decoked catalyst. This was 
due to lower solubility of Fe and Ni oxides present in the decoked catalyst (see 
Section 5.4.1). Increase in catalyst concentration increased the available concentration 
of sparingly soluble Fe and Ni oxides, resulting in higher leaching efficiency at higher 
pulp density (Figs. 7.21 and 7.22b). This is evident from the increasing leaching 
efficiency of the abiotic controls of Fe and Ni from decoked catalyst with increasing 
pulp density.  Difference between biotic and abiotic leaching for most metals (Al, Fe, 
Ni from coked catalyst and Ni, Fe and Mo from decoked catalyst) increased on 
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increasing pulp density from 1% to 2%, followed by considerable decrease on 
increasing pulp density from 2% to 4%. This shows that 2% PD was the optimum 
pulp density for efficient metal leaching. 
 
One reason for lowest extraction for other metals at 4% PD is the increase in pH with 
the addition of alkaline spent catalyst (Figs 7.19a and b). Another reason is likely to 
be the oxygen deficiency, detrimental for the oxidation of metals with the increase in 
catalyst concentration. The effect of high solid concentration on the dissolved oxygen 
(DO) concentration in the leaching medium was examined by Chong et al., where 
increase in pulp density from 12% to 30% (w/v) led to significant decrease in gas-
liquid oxygen transfer rate due to DO concentration decreasing from 17% to 10% 
[170]. Overall, the highest extraction efficiency achieved for Al, Fe, Ni and Mo were 
67, 90, 99 and 98% at 1%PD; 85, 98, 98 and 83% at 2% PD, and 49, 88, 83 and 60 at 
4% PD respectively. This shows that leaching rate did not increase significantly on 
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Table 7.4: Maximum metal leaching efficiency (%) for coked catalyst at different 
pulp density (%) (BL: Bioleached, Con: fresh medium control; highest leaching 
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Figure 7.20. Effect of pulp density on Aluminium leaching efficiency for spent 
medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: 
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Figure 7.21. Effect of pulp density on Iron leaching efficiency for spent medium 
leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: fresh 
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Figure 7.22. Effect of pulp density on Nickel leaching efficiency for spent 
medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: 
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Figure 7.23. Effect of pulp density on Molybdenum leaching efficiency for spent 
medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: 























Time (days after catalyst addition) 
1% PD BL 
1% PD Con 
2% PD BL 
2% PD Con 
4% PD BL 




























Time (days after catalyst addition) 
1 % PD BL 
1 % PD Con 
2 % PD BL 
2 % PD Con 
4 % PD BL 
4 % PD Con 
Mo decoked 
Chapter 7                                                                        Effect bioleaching parameters 	  
	   194	  
Metal leaching efficiency for all metals at different pulp densities is shown in Fig. 
7.24. In general, 2% PD showed most efficient leaching kinetics and 4% PD was 
observed to be least efficient. Except for Mo, 2% PD leaching efficiency was either 
higher or comparable to 1% PD for all other metals. Highest Mo leaching was 
attained at 1% PD for both coked and decoked catalyst. Leaching efficiency increased 
by 1-18% when pulp density was increased to 2% PD, whereas further increase to 4% 
PD led to 4-38% decrease in leaching efficiency. This shows that metal leaching 
increased with increasing solid concentration and peaked at 2% PD. 2% PD was the 
maximum tolerance limit for spent medium leaching as metal extraction decreased 
with further increase in pulp density. This is in agreement with other studies where 





Figure 7.24. Effect of pulp density on the maximum leaching efficiency of Al, Fe, 
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7.5 Effect of particle size 
 
The particle size of solids plays a key role in determining metal leaching kinetics by 
influencing particle-metabolite interaction, availability of solid for leaching, and mass 
transfer. There appears to be conflicting reports on the effect of particle size on 
overall bioleaching, with highest extraction efficiency obtained from both smallest 
and largest particle size range. For instance, Mousavi et al. and Mishra et. al reported  
highest recoveries from finest size range [113, 171], while Abdel et. al and Makita et. 
al achieved highest metal extraction from largest size range [172, 173]. Some reports 
have suggested an optimal particle size for metal leaching [16, 34]; decreasing 
particle size below the threshold lead to reduced leaching efficiency. The difference 
reported in published works is likely to be due to the method of bioleaching applied 
(i.e. one step, two step or spent medium leaching), and the substrate, and particle size 
distribution in these studies. The positive effect of decreasing particle size is the 
higher surface area and hence greater contact of lixiviant with the solid particles, On 
the other hand, decrease in particle size can lead to inhibitory effect arising from 
increase in particle-particle collisions in one step and two step bioleaching. Therefore, 
both these circumstances suggest that there is likely to be an optimum size above 
which and below the leaching efficiency will be poorer. In the present work, the effect 
of varying particle size was investigated using spent medium (harvested on day 20 of 
A. brierleyi grown in Acidanus medium at pH 2 and 10g/L) leaching of coked and 
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7.5.1 pH profile of spent medium leaching 
 
 
The effect of particle size on the pH profile of spent medium leaching of coked and 
decoked catalyst is shown in Figs. 7.25a and b respectively. pH profile of abiotic 
leaching (both coked and decoked catalyst) showed a decrease with increase in 
particle size, with particles of < 45 µm size range showing the highest pH. This is 
because small particles are able to neutralize acid ions to a greater extent than large 
particles, which lead to increase in medium pH. Such a trend was not very distinct in 
pH profile of biotic leaching of both coked and decoked catalyst due to high buffering 
capacity of the spent medium at pH 0.7. 
 
The alkaline nature of spent catalyst has been established in Chapter 5 and 6. As 
expected, pH increased after catalyst addition; increase in pH with catalyst addition 
was higher for coked catalyst than for decoked catalyst. pH increased from 1.9 (fresh 
medium pH) to 3.14, 3.58 and 4.38 (coked catalyst) and 2.58, 2.78 and 3.17 (decoked 
catalyst) for 100 -150 µm, 45 - 100 µm and < 45 µm size respectively. This was due 
to coked catalyst being more alkaline than the decoked catalyst. pH of abiotic coked 
leaching decreased over the period of leaching after the initial increase in pH in 
contrast to pH of biotic coked leaching and decoked biotic and abiotic leaching, 
which remained stable after the initial increase in pH (see Section 5.4.2).  
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Figure 7.25 a. Effect of particle size on the pH profile of spent medium leaching - 






Figure 7.25 b. Effect of particle size on the pH profile of spent medium leaching - 
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Chapter 7                                                                        Effect bioleaching parameters 	  
	   198	  
7.5.2 Metal extraction from spent medium leaching 
 
 
Maximum metal leaching efficiency for spent medium leaching of coked and decoked 
catalyst at different particle size are listed in Table 7.5. Effect of particle size on the 
leaching characteristics of individual metal (Al, Fe, Ni, Mo) for coked and decoked 
catalyst are shown in Fig. 7.26-7.29. Metal leaching efficiency increased with 
increase in particle size from <45 µm to 100-150 µm. Leaching efficiency at 45-100 
µm was slightly higher or comparable than <45 µm size.  This was consistent with the 
pH profile of spent medium bioleaching, where pH decreased with increase in particle 
size (Fig. 7.25 a and b).  
 
In order to understand the reason for increased leaching with increase in size, SEM 
and BET studies of different size ranges of spent catalyst were performed. SEM 
studies reveal difference in shape between the three size ranges (Fig. 7.30).  Particles 
in the 100-150 and 45-100 µm ranges showed more asymmetric thin slab-like or 
rectangular shape whereas <45 µm size had a more spherical and symmetric shape. 
Rectangular or slab like structure has higher specific surface area (surface area/ mass) 
compared to spherical symmetrical shape [174]. BET results for different particle size 
range shows that specific surface area increased with increase in particle size (Table 
7.6), and were consistent with the SEM images of the three particle size ranges.  This 
is contrary to the expectation; smaller particle size result in a higher specific surface 
area and hence should result in highest metal dissolution. Our results show higher 
specific surface area for particles in the largest size range, i.e. 100-150 µm (Table 
7.5), and hence higher metal leaching efficiency was attained by these particles. 
Enhanced extraction rates (by 1-54% for coked catalyst and 4-5% for decoked 
catalyst) from abiotic leaching of 100-150 µm size support higher leaching efficiency 
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from larger particle size range (Table 7.5). Abdel et al. reported a similar finding 
where sulfuric acid leaching of Zn from low grade ore increased by 50% with 
increase in particle size range from 53-74 µm to 147-208 µm [175]. Another study by 
Abdel et. al also demonstrated  >20% improvement in sulfuric acid leaching of Ni 
from spent catalyst with increase in particle size range from 53-74 µm to 88-177 µm 
[172]. 
 
Increase in particle size from <45 µm to 100-150 µm improved the leaching 
efficiency by 22% for Al, 8% for Fe and 18% for Mo from coked catalyst and 19% 
for Al, 12% for Fe, 36% for Ni and 1% for Mo from decoked catalyst (Table 7.5). 
Similarly, 45-100 µm size enhanced leaching efficiency by 7% for Fe and 17% for 
Mo from coked catalyst and 1% for Al, 10% for Fe and 11% for Ni from decoked 
catalyst. Ni bioleaching from coked catalyst (Fig. 7.28a) and Mo bioleaching from 
decoked catalyst (Fig. 7.29b) was almost 100% for particles of all three sizes. 
Reasons for almost complete extraction for Ni (coked catalysts) and Mo (decoked 
catalyst) has been discussed in Section 5.3.1 and 5.4.1. Surface area and lower pH of 
the 100-150 µm size resulted in considerable increase in the abiotic leaching 
efficiency. The most significant increase was observed for Fe leaching from coked 
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Table 7.5: Maximum metal leaching efficiency (%) for coked catalyst at different 
particle size (µm) (BL: Bioleached, Con: fresh medium control; highest leaching 
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45-100 66 8 13 0 52 33 97 85 










Chapter 7                                                                        Effect bioleaching parameters 	  
	   201	  
 




       (b) 
 
Figure 7.26. Effect of particle size on Aluminium leaching efficiency for spent 
medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: 
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     (b) 
 
Figure 7.27. Effect of particle size on Iron leaching efficiency for spent medium 
leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: fresh 
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     (b) 
 
Figure 7.28. Effect of particle size on Nickel leaching efficiency for spent medium 
leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: fresh 
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     (b) 
 
Figure 7.29. Effect of particle size on Molybdenum leaching efficiency for spent 
medium leaching of (a) Coked and (b) Decoked catalyst (BL: Bioleached, Con: 


























Time (days after catalyst addition) 
<45 µm BL 
<45 µm Con 
45-100 µm BL 
45-100 µm Con 
100-150 µm BL 
100-150 µm Con 


























Time (days after catalyst addition) 
<45 µm BL 
<45 µm Con 
45-100 µm BL 
45-100 µm Con 
100-150 µm BL 
100-150 µm Con 
Mo Decoked 
Chapter 7                                                                        Effect bioleaching parameters 	  
	   205	  




 	   	   	   	   	     
	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  (b) 
 	  
Chapter 7                                                                        Effect bioleaching parameters 	  
	   206	  
	  
	  	  	  	   	   	   	   	   	   (c)	  	  
Figure 7.30. SEM image of spent catalyst (a) 100-150 µm (b) 45-100 µm and (c) 












77.2 ± 2.6 
45-100 µm 85.2 ± 0.9 
100-150 µm 98.6  ± 1.2 	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Bioleaching results for all three size fractions are presented in Fig. 7.31, which shows 
that metal leaching efficiency increased with increase in particle size. Metal 
dissolution in 100-150 µm size range was higher by 8-36% than < 45 µm size range. 
Increase in particle size did not affect Ni leaching efficiencyy from coked catalyst and 
Mo leaching from decoked catalyst since complete dissolution of these metals was 
possible at the smallest particle size (< 45 µm). Thus 100-150 µm size fraction was 
the optimum particle size for maximum metal recovery. 
 	  
	  	  	  
Figure 7.31. Effect of particle size on maximum leaching efficiency of Al, Fe, Ni 
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7.6 Conclusion 
 
Effect of bioleaching process parameters such as nutrient concentration, pH, pulp 
density and particle size was investigated for spent medium leaching of Type II spent 
catalyst by Acidianus brierleyi. Maximum metal leaching efficiency obtained from 
different leaching conditions is summarized in Table 7.7. Effect of pH, pulp density 
and particle size was more significant compared to sulfur concentration. A. brierleyi 
was grown in Acidianus medium containing varying concentration of Fe2+ (1, 5, 10 
g/L) or sulfur (5, 10, 20 g/L).  The bacteria did not grow in the medium containing 
iron (Fe2+ ions). In contrast, increasing sulfur concentration improved microbial acid 
production. Sulfur at 5 g/L was not sufficient for microbial growth and resulted in 
reduced leaching efficiency compared to 10 g/L and 20 g/L. Above the threshold 
sulfur concentration (10 g/L), leaching efficiency did not increase significantly.   
 
Spent medium leaching obtained from bacteria cultured in varying initial medium pH 
(2, 1.5 and 1) was used to examine the effect of initial medium pH on the leaching 
kinetics. pH 2 was shown to be the optimum pH for microbial growth and efficient 
leaching kinetics. Although A. brierleyi grew at the pH range 1-2, the highest 
microbial activity and acid production (as indicated by the more rapid decrease in 
initial medium pH) was observed at initial medium pH 2. Maximum metal extraction 
was observed at initial medium pH 2, and minimum extraction occurred at initial 
medium pH 1.5. This was due to lower spent medium pH (0.66 vs 1.13) harvested 
from bacteria growing at initial medium pH 2. Metal dissolution was higher at pH 1 
than pH 1.5 due to higher H+ concentration added at the start of the culture.  This is 
evident from enhanced metal dissolution by medium controls at pH 1 than pH 1.5 and 
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2. Metal leaching efficiency at initial medium pH 2 was higher than at pH 1.5 by 10-
47% and higher than pH 1 by	  3-23% 	  
 
Leaching studies with increasing pulp density (PD) revealed 2% PD (20 g/L) as the 
optimum solid to liquid ratio compared to 1% (10 g/L) and 4% (40 g/L) PD.  Except 
Mo, highest extraction efficiency was obtained at 2% PD and lowest at 4% PD. 
Leaching efficiency increased by 1-18% when pulp density was increased from 1% to 
2% PD, whereas increasing the pulp density to 4% lead to 4-38% decline in leaching 
efficiency. 2% PD was the optimal for Acidianus spent medium leaching as metal 
extraction decreased with further increase in pulp density. 
 
Effect of varying particle size range from < 45 µm to 100-150 µm showed an increase 
in metal extraction with increasing size. Leaching efficiency improved by 8-22% for 
coked catalyst and 1-36% for decoked catalyst. Similar trend was observed medium 
controls at 100-150 µm size range. Particles with larger size had asymmetric shape, 
and higher specific surface area compared to symmetrical shape of smaller size range. 
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Table 7.7. Maximum leaching efficiency for Type II coked and decoked catalyst 




Maximum leaching efficiency at different leaching conditions 




                  

















1 64 95 73 17 78 15 40 61 
1.5 46 80 61 10 55 12 26 51 
2 67 90 99 27 65 3 41 98 
 
Pulp density (%) 
1 67 90 99 27 65 3 41 98 
2 85 98 98 24 66 7 53 83 
4 47 88 83 23 49 8 55 60 
 
Particle size (µm) 
<45 67 90 99 27 65 3 41 98 
45-100 63 97 98 44 66 13 52 97 
100-150 89 98 97 45 84 15 77 99 
 
Sulfur (g/L) 
5 56 82 87 27 51 1 39 69 
10 67 90 99 27 65 3 41 98 
20 67 92 99 30 64 8 42 97 
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Dissolution of solid particles in liquids is a heterogeneous reaction that takes place at 
the interface between a solid and an aqueous phase. A diffusion layer (or surface 
layer) is formed at the boundary between the two phases. Leaching reaction proceeds 
through the following steps: (a) diffusion of the leaching agent (attacking species) 
from the bulk solution to the solid reactant through the diffusion layer, (b) reaction 
between the leaching agent and solid reactant on the surface of the catalyst, and (c) 
diffusion of the product into the diffusion layer followed by diffusion into the bulk 
liquid [176]. The slowest step in the leaching reaction is the rate-controlling step. 
Leaching reaction can be controlled by surface chemical reactions between the 
leaching agent (acid) and the solid catalyst and by the diffusion of the reactants and 
products through the porous solid phase. Depending on which process is rate-
controlling, leaching kinetics can be chemical reaction controlled or diffusion 
controlled. Levenspiel described the leaching of solid particles by a liquid reagent in 
the following reactions [177]:  
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aA (s)  + bB (aq)  →  aqueous products       (1) 
      → solid products       (2) 
      → solid + aqueous products      (3) 
 
where A represents the solid undergoing reaction, B represents the reactant in solution 
and a and b are the stoichiometric coefficients. When the reaction proceeds according 
to Eq. 1, solid particles shrink in size during the reaction since only aqueous products 
are formed. The reaction takes place on the exposed surface of the particle and the 
product completely dissolves in the liquid. This is referred to as the Shrinking 
Particle Model (SPM) (Fig. 8.1a). However, if the reaction proceeds according to Eq. 
2 and 3, the particle size remains constant and only the reacting core shrinks inside 
the particle. This happens due to presence of large amounts of insoluble impurities in 
the solid reactant. Reaction occurs first at the exposed surface of the particle, and then 
the zone of dissolution moves into the solid, leaving behind the products and the 





















Figure 8.1. Schematics of Shrinking Particle Model and Shrinking Core Model 
[178].  
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Levenspiel explained that SCM model approximates the real particles more closely 
than the SPM model. Examination of cross sections of partly reacted solid particle 
usually reveals an unreacted core surrounded by a layer of insoluble inert layer. Most 
researchers have also used SCM to describe the dynamic behavior of dissolution of 
solids in an aqueous environment due to its simplicity and closest representation of 
the leaching reaction [179-181]. This holds true for the leaching of spent catalyst also, 
since an insoluble matrix of coke, silica and other impurities are found in spent 
catalyst, which are not removed during the leaching process [131]. This is evident 
from the bioleached residue remaining at the end of the leaching process. Dissolution 
kinetics of metals from spent catalyst was described using the Shrinking Core Model 
of diffusion controlled and chemical reaction controlled leaching. 
Bioleaching rate equation was determined by fitting metal leaching efficiency from 
coked and decoked catalyst to both first order and second order kinetics. Since 
bioleaching rate is dependent on important leaching parameters such as pulp density, 
pH, sulfur concentration and particle size, a unified rate equation and the order of 
each parameter were determined. Statistical analysis of experimental data was also 
performed. Multiple linear regression is a popular statistical tool used to predict a 
dependent variable based on its linear relations with many independent variables. 
Multiple regression analysis can be used to summarize the relationship between a 
dependent variable (y) using a set of independent variables (e.g. establish a 
relationship between the leaching rate and several leaching parameters such as pH, 
pulp density, particle size etc.) or it can be used to predict the outcome of a dependent 
variable, (e.g., to predict the leaching rate based on the effect of a set of leaching 
parameters) or it can used in theory testing; ideas derived from theory and from 
previous research can be translated into hypotheses that are tested using multiple 
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regression analysis (e.g. testing whether each of the leaching parameters identified 
from experimental data can significantly affect the leaching rate) [182]. Experimental 
data on leaching efficiency under different bioleaching conditions were subjected to 
multivariate statistical analysis to predict the leaching rate equation and evaluate the 
contribution of various leaching parameters such as residence time, pH, pulp density 
and particle size on the leaching rate. Multiple linear regression analysis (MLRA) was 
used to predict the best set of leaching parameters that can predict the leaching 
efficiency accurately. A p value of < 0.05 (95% confidence level) was indicative that 
the experimental data satisfactorily fits the model.  
 
8.2 Shrinking core model (SCM) 
 
 
Leaching of spent catalyst by A. brierleyi can be described by the following reaction: 
 
MS/ MO + H2SO4 → MSO4 + H2O + S0        (4) 
where MS or MO represents metal sulfide or metal oxide. Microbially produced 
sulfuric acid can attack the surface of the spent catalyst particles or it can penetrate 
inside the catalyst pores to leach metals into the bulk solution. According to the SCM 
model, once the metal compounds on the surface have reacted, the zone of reaction 
moves inside the core of the catalyst particles, leaving behind the unreacted materials 
such as coke, silica and other insoluble impurities.  A schematic of the model is 
shown in Fig. 8.2. The layer around the catalyst surface represents the zone of metal 
dissolution (fluid film). As the reaction proceeds, the interface between the insoluble 
solid phase (product layer) and the unreacted core moves towards the center of the 
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particle. C1 is the concentration of reactant (metal concentration) at the interface 
between the boundary layer and bulk liquid, C2 is the reactant concentration at the 
surface of the catalyst particle and C3 is the concentration at the surface of the 
shrinking core. R1 is the radius of the catalyst particle and R2 is the radius of the 
shrinking core. This model was first developed by Yagi and Kunii in 1955 [183], who 
visualized the following steps in the dissolution process: (i) leaching agent (acid ions) 
diffuses from the bulk solution through the boundary layer surrounding the particle to 
the surface of the solid, (ii) penetration and diffusion of leaching agent through the 
insoluble solid layer to the surface of the unreacted core, (iii) chemical reaction 
between the leaching agent and metal compounds, (iv) diffusion of the products 
through the insoluble solid layer to the surface of the catalyst particles, and (v) 
diffusion of the products through the boundary layer into the bulk liquid. Depending 
on the leaching mechanism, the rate of dissolution can be controlled by the diffusion 
of reactants or products through the product layer that forms on the unreacted core, or 
by the chemical reaction at the surface of the unreacted core. Many researchers have 
used the SCM model to describe the leaching kinetics of solid. Most of the studies 
suggest that diffusion through product layer is the rate controlling mechanism [179, 
184-186]. In contrast, however, Gomez et al. have reported chemical reaction as the 
controlling step of the reaction, in spite of the presence of insoluble layer of sulfur 
and jarosites [187]. 
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Figure 8.2. A schematic representation of the dissolution phenomenon [177]. 
 
The kinetics equations for three boundary conditions of the SCM model were 
developed by Levenspiel [177]: 
 
(i) Fluid film diffusion controlled, 
(ii) Product layer diffusion controlled, and 
(iii) Chemical reaction controlled. 
 
Rate equations were derived for the model with the following assumptions: 
• Solid particles are spherical in shape, 
• During the process, the particle shrinks uniformly, thus maintaining its spherical 
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shape, 
• Pseudo-steady state approximation,, , 
• The concentration of the reagent is constant during leaching, and 
• The temperature remains constant during the process. 
If rate of reaction is controlled by chemical reaction, C1 = C2 = C3 and the equation 
is given by: 
 
Kct = 1- (1-x) 1/3                                                                                                               (5) 
 
where Kc = reaction rate constant; t = time; x = metal fraction leached. Based on 
experimental data, a plot of right hand side of Eq. 5 vs t is given in Fig. 8.3 [35].  
When the diffusion through the fluid film is the controlling parameter, C2 = C3 and 
the equation is given by: 
Kft = x           (6) 
 
where Kf =  reaction rate constant ; t = time; x = metal fraction leached. A plot of right 
hand side of Eq. 6 vs t is given in Fig. 8.4. 
 
When diffusion through the product layer (insoluble solid phase) controls the rate of 
reaction, C1 = C2 and the equation is given by: 
 
Kpt = 1+ 2(1-x) - 3(1-x) 2/3                                                                                             (7) 
 
where Kp =  reaction rate constant; t = time; x = metal fraction leached. A plot of right 
hand side of Eq. 7 vs t is presented in Fig. 8.5 [175]. Comparison of the predicted data 
with experimental results will enable the determination of the rate-controlling 
processes for the different forms of catalyst. 
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Figure 8.4: Fluid film diffusion controlled SCM model for coked and decoked 
catalyst.  
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The various model and equations for the lines of best fit and their regression 
coefficient for each model are listed in Table 8.1. It is evident that experimental data 
fits the product layer diffusion controlled model more closely than film diffusion and 
chemical reaction controlled models. Thus, diffusion through the layer of insoluble 
solid phase was determined to be the rate-controlling step. However, all three models 
failed to give a linear correlation for Fe leaching from coked catalyst and Mo leaching 
from decoked catalyst. In both instances, leaching kinetics showed a similar trend of 
maximum extraction until the first 72 hours of leaching (90% for Fe from coked 
catalyst and 98% Mo from decoked catalyst), followed by decrease in leaching 
efficiency for the remaining leaching period due to precipitation of Fe and Mo ions 
(see Section 5.4.2). Best-fit curves for both these cases were skewed due to the first 
increasing and then decreasing trend of the data points, resulting in significant low 
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correlation factors.  For this reason, equations for Mo leaching from decoked catalyst 
had negative slope in the chemical reaction and surface layer diffusion controlled 
models and positive slope in the pore diffusion controlled model in contrast to the 
equations of all other metals in their respective models.  
 
Table 8.1. Lines of best-fit equations and correlation factors (R2) for various 
SCM models. 
 
                               
 Line of best-fit and correlation factor 	  
Kinetic 






Al 0.0062x+0.8447 0.68 0.0125x + 0.7797 0.86 
Fe 0.0026x+0.9365 0.13 0.0004x + 0.6734 0.86 
Ni 0.0097x + 0.9114 0.78 0.0026x + 0.7843 0.86 











0.0186x+0.5342 0.68 0.0374x + 0.3390 0.86 
Fe 0.0077x+0.8095 0.13 0.0013x + 0.0202 0.86 
Ni 0.0291x + 0.7341 0.78 0.0079x + 0.3530 0.86 












(-) 0.022x + 1.7129 0.65 (-) 0.0368x + 1.8941 0.92 
Fe (-) 0.0117x+1,3357 0.11 (-) 0.00005x + 0.1996 0.89 
Ni (-) 0.0494x + 1.4646 0.81 (-)0.0061x + 1.8758 0.87 
Mo (-) 0.0054x+1.9716 0.92 0.0067x + 1.0869 0.12 
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8.3 Evaluation of rate equation 
 
 
The rate of reaction varies with the concentrations of the reactants in the system and is 
proportional to the rates of change in concentrations of the reactants and products, i.e., 
the rate is proportional to a derivative of a concentration.  For example, consider a 
reaction where reactant A is converted to product B. 
A   →   B                                          
The rate of reaction, r, is given by 





In order to characterize the kinetic behavior of a reaction, it is desirable to determine 
how the rate of reaction varies as the reaction progresses. Rate equation must be 
determined from the experimental data. A suitable kinetic model was determined by 
fitting experimental data of Type II spent catalyst leaching by the thermophile to first 
order and second order rate equations. Zero order reaction was not considered because 
the leaching rate was dependent on the metal concentration and a plot of metal 
concentration vs time did not result in a straight line (see Section 5.4.1) (Zero order 
rate equation is independent of the concentration of reactants and the rate remains 
constant throughout the process.)  
First Order Model: A first-order reaction depends on the concentration of only one 
reactant (a unimolecular reaction). If a reaction follows a first order reaction with 
respect to a reactant metal C, then the rate equation is given by:   
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        d [C] 
r  =  = - k [C]        
           dt 
k is the first order rate constant, which has units of 1/s and C is the individual metal 
concentration, which has units Mole/L 
	  	  	  	  	  	  d	  [C]	  r	  	  =	   	  =	  -­‐	  k	  d	  t	  	  	  	  	  	  	  	  	  	  	  [C]	   
The integrated first-order rate law is 
     ln [C] = - kt + constant   (8) 
where [C]0 is the initial metal concentration 
If a reaction follows first order kinetics, a plot of ln [C] versus t gives a straight line 
with slope -k. 
 
Second Order Model: The rate of a second order reaction is proportional to the 
square of the reactant. The rate equation is given by:   
        d [C] 
r  =  = - k [C]2       
           dt 
k is the second order rate constant, which has units of L/mole/s  
The integrated second order rate equation is 
     1/ [C] = kt + Constant    (9) 
If a reaction follows second order kinetics, a plot of 1/ [C] versus t gives a straight 
line with slope k. 
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For 1st order kinetic model, ln [C] (individual metal concentration) was plotted as a 
function of t (time) (Eq. 8) and for second order model, 1/C was plotted as a function 
of t (Eq. 9). Plotting individual metal concentration for Al, Fe, Mo and Ni versus time 
and calculating the slope gave the specific reaction rate k for first order and second 
order model (first order and second order plots for all metals are given in appendix 
B5.1-18). Table 8.2-8.3 lists the specific reaction rate (k) and their respective 
regression coefficients (R2) for first order and second order kinetics of coked and 
decoked catalyst. First order reaction rate constants are positive, whereas second order 
rate constants are negative because metal concentration in the leachate was increasing 
with respect to time (first order reaction plots ln [C] vs t and second order reaction 
plots [C]-1 vs t). Based on the calculated R2 values, the leaching kinetics were 
observed to follow 1st order reaction kinetics. Similar results were reported by 
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Table 8.2a: First order specific reaction rate (k) and their respective coefficient 
of regression (R2) at different leaching conditions - coked catalyst. 
 
 
1st order reaction constant and R2 (coked catalyst) 
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Table 8.2b: First order specific reaction rate (k) and their respective coefficient 
of regression (R2) at different leaching conditions - Decoked catalyst. 
 
 
1st order reaction constant and R2 (Decoked catalyst) 
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Table 8.3a: Second order specific reaction rate (k) and their respective 
coefficient of regression (R2) at different leaching conditions - Coked catalyst. 
 
2nd order reaction constant and R2 (coked catalyst) 
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Table 8.3b: Second order specific reaction rate (k) and their respective 
coefficient of regression (R2) at different leaching conditions - Decoked catalyst. 
 
2nd order reaction constant and R2 (decoked catalyst) 
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8.4 Order of parameters 
 
 
The final rate equation can be found by considering the effect of each of the 
parameter that influences bioleaching i.e. pH, nutrient concentration, particle size and 




Rate = − dc/dt = k [pH]n1 [pulp density]n2 [particle size]n3 [nutrient 
concentration]n4                                                                                                    (10)                                                                                                  
 
 
where n1, n2, n3, n4 represent the order of each parameter: pulp density, pH, sulfur 
concentration, and particle size respectively. The logarithmic form of the rate 
equation (Eq. 7) is as follows: 
 
 
Log (rate) = log (k) + n1 log (pH) + n2 log (pulp density) + n3 log (particle size) + 
n4 log (nutrient concentration)                                                                   (11) 
                                                                                                              
 
First order specific reaction rate k was found for each of the metals Al, Mo and Ni for 
every parameter separately (Table 8.2a and b). To find the rate equation, one 
parameter was varied and every other factor was kept constant. pH (initial medium 
pH) was varied at 1, 1.5 and 2; pulp density was varied at 1%, 2% and 4%; particle 
size was varied at <45, 45-100 and 100-150 µm, and sulfur concentration in the 
growth medium was varied at 5, 10 and 20 g/L. The n values (n1 for pH, n2 for pulp 
density, n3 for particle size, and n4 for Sulfur concentration) were obtained from the 
slope of the plot log (rate) versus log (parameter) in Eq. 11 (Figs. 8.6a-d). The 
different values of n evaluated for Al, Fe and Mo Ni for coked and decoked catalyst 
are shown in Table 8.4. In general, n1 values (pH) were higher than all other 
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parameters such as pulp density, sulfur concentration and particle size. This showed 
that pH had the most significant effect on the leaching efficiency compared to the 
other parameters, and supports our results presented earlier, where pH was found to 
be the dominant factor affecting leaching kinetics (see Section 5.4.2 and 6.5). Except 
for Al and Fe leaching from decoked catalyst, increasing pH (initial medium pH) 
from 1 to 2 had a positive effect on metal extraction due to maximum microbial 
growth at pH 2 (see Section 7.3.1). Negative n1 values from decoked catalyst can be 
explained by the leaching kinetics of Al and Fe at varying initial medium pH (2, 1.5 
and 1). Al and Fe leaching efficiency from the decoked catalyst followed the order 
(Fig. 7. 13 and 7.14 b): 
 
Al (pH 1) > Al (pH 2) > Al (pH 1.5)      
 Fe (pH 1)  > Fe (pH 1.5) > Fe (pH 2)     
 
In such cases, the slope of the graph [log (rate) versus log (pH)] becomes negative 
due to lower or higher value of one parameter compared to the other two (Fig. 8.6a).  
 
Negative n2 values showed that an increase in pulp density (PD) had a detrimental 
effect on the leaching efficiency for most metals, which is consistent with our 
experimental data (see Section 7.4.2). The only exception of inhibitory effect of 
higher pulp density was observed for n1 values of Fe from the decoked catalyst (Fig. 
8.6b). Fe leaching efficiency from the decoked catalyst was lowest in comparison to 
other metals due to the sparingly soluble nature of iron oxides present in the docked 
catalyst (see Section 5.4.1). Higher pulp density increased the concentration of 
soluble iron in the leaching medium, resulting in positive n2 value for Fe from 
decoked catalyst.  
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The negative n3 values (particle size) for Fe (coked catalyst) and Al and Mo (decoked 
catalyst) were also due to similar reason mentioned for negative n2 values (Fig. 8.6c).  
Leaching rate of Al from decoked catalyst at 45-100 µm (Fig. 7.20b) was lower than 
at <45 µm (Fig.5.13b) and 100-150 µm (Fig. 7.21b) size range, whereas leaching rate 
of Fe (coked catalyst) and Mo (decoked catalyst) at <45 µm was higher than the other 
two particle size range. Positive n4 values for other metals showed an increase in 
leaching efficiency with increase in particle size from <45 to 100-150 µm, which is 
consistent with our experimental data (see Section 7.5.2).  
 
The positive n4 values (sulfur concentration) for all metals support our experimental 
data (Fig. 8.6d) where increase in sulfur concentration from 5 to 20 g/L had a positive 
effect on the leaching efficiency due to improved microbial growth in presence of 
higher sulfur concentration (see Section 7.2.3). Pradhan et al. used a similar approach 
to calculate of order values of leaching parameters such as pH, pulp density, particle 
size and nutrient concentration, but the authors did not provide explanation for the 
negative or positive order values obtained [188].  
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Table 8.4. Values of “n” for leaching at different parameters. 
 
Coked catalyst Decoked catalyst 

















































































8.5 Multiple Linear Regression Analyses (MLRA)  
 
 
Multiple Linear Regression Analyses (MLRA) is a statistical technique in which a 
single correlation is established between a dependent and several independent 
variables. The general equation for MLRA is given by 
 
y = a0 + a1x1 + a2x2 + … anxn                  (12) 
 
where y is the dependent variable, x1, x2.…xn are the independent variables and a1, 
a2.… an, are the regression coefficients. MLRA was performed using the statistical 
software XLSTAT. In the present work, metal leaching efficiency is the dependent 
variable and the leaching parameters such as residence time (t), pH, pulp density 
(PD), particle size (PS) and sulfur concentration (S) were the independent variables. 
The primary objective of this analysis was to find the best set of coefficients of 
independent variables that can accurately predict the dependent variable from a set of 
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known independent variable. The reliability of this method can be evaluated based on 
various statistical parameters such as the correlation coefficient (R2) and p value 
(significance factor). A 1-p value of 0.95 represents an acceptable model with 95% 
confidence. The error in the model was calculated by dividing the standard deviation 
(range of values) by square root of the population size (number of data points). 
Statistical analysis using MLRA have been previously utilized to demonstrate 
correlations between the leaching rate and different leaching parameters. Pradhan et 
al. used MLRA to predict the leaching rate (dependent variable) from a set of known 
leaching parameters (independent variables) such as such as pH, Eh, temperature, 
particle size, nutrient concentration and pulp density [189]. Coefficient of 
independent variables and their statistical significance from coked and decoked 
catalyst is listed in Table 8.5a and b respectively. The coefficient of the independent 
parameters can be used to predict the leaching efficiency in the following manner: 
 
y (Al coked catalyst) =  2.83 t + 12.83 pH – 1.8 PD + 0.13 PS + 1.43 S 
y (Al decoked catalyst) =  5.05 t – 0.91 pH – 1.79 PD + 0.06 PS + 2.16 S 
 
Negative coefficient values represent inhibitory effect on leaching efficiency with 
increase in parameter value, whereas a positive coefficient value shows a favorable 
correlation with the increasing parameter value. Amongst the five variables examined, 
pH had most significant impact on leaching efficiency. The highest coefficients were 
calculated for pH, which was consistent with our experimental data and calculated 
values of parameter order (Table 8.4). Based on experimental data and statistical 
analysis, pH can be established as the most important parameter affecting leaching 
kinetics. Similarly, Gleisner et al. concluded that ferric ion concentration (produced 
by the bacteria) was primarily responsible for pyrite oxidation, using a regression 
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model with pyrite oxidation rate as the dependent variable and dissolved oxygen, 
ferric ion concentration and bacteria concentration as the independent variable [190].   
Apart from pH and pulp density, other parameters such as residence time, particle size 
and sulfur concentration showed an increase in leaching efficiency with increasing 
parameter value. This is consistent with our experimental findings, where leaching 
efficiency increased with time (9 days), particle size (from <45 to 45-100 to 100-150 
µm) and sulfur concentration (from 5g/L to 10g/L to 20 g/L). However, the effect of 
increasing pH and pulp density (PD) on leaching efficiency was more complicated. A 
positive correlation between leaching efficiency and increasing initial medium pH 
(from pH 1 to pH 2) was found for most metals, with the exceptions of Al and Fe 
from decoked catalyst.  Reduced metabolite production by bacteria cultured at pH at 1 
and 1.5 (initial medium pH), resulted in lower leaching efficiencies for most metals 
(see Section 7.3.3). However, this effect was masked by the increased solubility of Al 
and Fe at pH below 1.5, suggesting a favorable trend with increased acidity (from 
initial medium pH 2 to pH 1) (see Section 5.4.2). Negative regression coefficients for 
Al and Fe are consistent with the negative n1 values of Al and Fe from the decoked 
catalyst.  
 
Experimental data for variation of pulp density (PD) showed that leaching efficiency 
either improved or remained constant on increasing PD from 1% to 2% whereas 4% 
PD led to significant reduction of leaching efficiency (see Section 7.4.2). In contrast, 
increasing PD from 1% to 4% resulted in higher leaching efficiency for Fe and Ni 
from decoked catalyst (hence the positive PD coefficients for these two metals) The 
reason behind this was the low solubility of iron and nickel oxides present in the 
decoked catalyst (see Section 5.4.2). Positive influence of increasing PD on Fe 
leaching from coked catalyst (despite decrease in leaching efficiency at 4% PD) could 
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be due to smaller difference in leaching efficiency while increasing the PD from 1% 
to 2% to 4% (Fig. 7.18). Less than 10% difference in leaching efficiency was 
observed on increasing PD from 1% to 4%. In all other cases, the detrimental effect of 
increasing pulp density from 2% to 4% was reflected by negative coefficients for PD. 
Regression equations given by MLRA were able to predict the dependent variable at 
99% confidence level. Fig. 8.7 compares predicted values from the regression model 
with observed values of leaching efficiency and shows good matching with R2 value 
of 0.92.  
 
Table 8.5 a: Coefficient values and other statistical data obtained through 
Multiple Linear Regression Analysis of coked catalyst. 
 
Coked catalyst 
Parameter         Al           Fe            Ni           Mo 
 
Coefficient values 
t 2.83 2.88 2.53 1.71 
pH 12.83 19.06 32.14 4.79 
PD -1.80 2.75 -2.04 -1.49 
PS          0.13 0.17 0.04 0.14 
S 1.43 2.07 0.92 0.04 
 
Statistical Values 
R2 0.95 0.98 0.99 0.92 
Error 13.1 13.2 9.4 6.6 
1-p 
(significance) 
0.999 1 0.999 1 
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Table 8.5 b: Coefficient values and other statistical data obtained through 
Multiple Linear Regression Analysis of decoked catalyst. 
 
Decoked catalyst 
Parameter         Al           Fe            Ni           Mo 
 
Coefficient values 
t 5.05 0.57 2.17 1.03 
pH -0.91 -3.93 6.71 31.98 
PD -1.79 1.27 1.88 -7.19 
PS 0.06 0.09 0.19 0.16 
S 2.16 0.60 0.48 1.38 
 
Statistical Values 
R2 0.94 0.89 0.97 0.99 
Error 12.9 3.2 7.4 9.1 
1-p 
(significance) 
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Fig. 8. 7. Comparison between observed values versus calculated values based on 






8.6 Conclusion  
 
Shrinking core model was used to explain the dissolution behavior of solid particles in 
liquids. The three boundary layer conditions of the shrinking core model, i.e. 
chemical reaction controlled, film diffusion controlled and product layer diffusion 
controlled rate equations were used to evaluate the rate determining step. 
Experimental data gave the best fit for product layer diffusion controlled model. 
Simple kinetic models such as first order and second order were examined to 
determine the order of the reaction. It was found that bioleaching kinetics was 
suitably fitted to first order rate equations. First order kinetic model was used to 
predict the unified bioleaching rate equation, considering the effect of important 
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leaching parameters such as pulp density, pH, sulfur concentration and particle size. 
Contribution of four leaching parameters was calculated as the parameter order (n1 for 
pH, n2 for pulp density, n3 for particle size and n4 for sulfur concentration) by fitting 
the experimental data into the first order rate equation. Highest order values were 
calculated for pH, suggesting its significant impact on the leaching efficiency. 
Positive n1 order values for all metals (except Al and Fe from decoked catalyst) show 
the favorable effect of increasing initial medium pH from pH 1 to 2 for culturing of 
bacteria.  Negative n1 values for Al and Fe leaching from decoked catalyst was due to 
higher leaching efficiency resulting from increased solubility of Al and Fe at pH 
below 1.5. Negative n2 values reflected the detrimental effect of increasing pulp 
density from 1% to 4% for most metals, except for Fe leaching from decoked catalyst. 
Both positive and negative correlation was seen for particle size. Higher leaching 
efficiency of <45 µm size or 100-150 µm size compared to 45-100 µm size was 
responsible for this. Order of parameter sulfur concentration showed positive 
correlation for all metals, indicating that leaching efficiency increased with increase 
in sulfur concentration.  Positive order for sulfur concentration was consistent with 
experimental data.  
 
Statistical analysis of the leaching data was performed using multiple linear 
regression analysis (MLRA), with leaching efficiency as the dependent parameter and 
bioleaching time, pH, pulp density, particle size and sulfur concentration as the five 
independent parameters. Most significant contribution was shown from pH, with 
positive coefficient for all metals, except Al and Fe leaching from decoked catalyst. 
Similar trend was observed for pH order values. The negative influence of increasing 
pulp density was also seen, with the exceptions of Fe and Ni leaching from decoked 
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catalyst. Ni and Fe were present in their sparingly soluble oxide forms in the decoked 
catalyst, and higher pulp density increased the availability of soluble metal 
compounds in the leachate.  The same reason can be offered for the negative order 
value of pulp density for Fe leaching from decoked catalyst. Bioleaching time, 
particle size and sulfur concentration had direct correlation with leaching efficiency; 
the efficiency increased with increase in the period of leaching (9 days), particle size 
(from <45 to 45-100 to 100-150 µm) and sulfur concentration (from 5g/L to 10g/L to 
20 g/L). This was consistent with our experimental data. MLRA predicted the best set 
of parameters with 99% confidence. A good correlation factor (R2=0.92) between 
observed and theoretical values of leaching efficiency for different parameters was 
observed.  	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CONCLUSIONS AND RECOMMENDATIONS 
 
 
9.1 Conclusions  
 
Present study investigates the bioleaching potential of thermophilic archaea Acidianus 
brierleyi for the removal of metals from spent hydrotreating catalyst. Effect of 
pretreatment method of decoking on the bioleaching efficiency was also examined. 
Two types of spent Ni-Mo hydrotreating catalyst: Type I or KF 840 Ketjenfine spent 
hydrotreating catalyst and Type II or DN-3110 Criterion Catalysts were used for the 
study. Before being discarded as spent catalyst, Type I catalyst had been used for 
denitrogenation and hydrogenation of Naphtha, Kerosene and Diesel whereas Type II 
catalyst had been used for production of Ultra Low Sulfur containing Diesel. Both 
types of catalyst have alumina as a base with Ni-Mo embedded as carriers. Coked and 
decoked forms of two spent catalysts were physically and chemically characterized 
and subjected to one step, two step and spent medium leaching by thermophile 
archaea A. brierleyi and mesophilic bacteria A.thiooxidans. Spent medium leaching 
and chemical leaching with commercial sulfuric acid was performed to understand the 
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bioleaching mechanism. Thermophilic leaching efficiency was compared with 
mesophile leaching to establish the applicability of thermophile for leaching of 
industrial waste. Effect of important leaching parameters such as nutrient 
concentration, pH, pulp density and particle size was examined. Optimum leaching 
conditions were determined by varying one parameter, while keeping all other 
parameters constant. Bioleaching kinetics was examined using the diffusion 
controlled and chemical reaction controlled shrinking core model and significance of 
experimental data was evaluated using statistical analysis such as multiple linear 
regression analysis.  
 




Coked and decoked spent catalyst was characterized using thermogravimetric analysis 
(TGA), BET, SEM-EDX, ICP-MS, XPS and XRD. Type I spent catalyst consisted of 
C, O, S, Al, Mo and Ni as major elements, whereas Type II spent catalyst had C, O, S, 
Al, Fe, Mo and Ni as major elements. Bulk metal composition of Type I spent catalyst 
consisted of 31% Al, 10% Mo and 2.5% Ni whereas Type II spent catalyst contained 
49% Fe, 19% Al, 8.5% Mo and 2% Ni. Metal concentration was observed to be 
higher for the decoked catalyst due to higher metal content subjected to acid digestion 
after removal of coke. Decoking was able to remove substantial amount of impurities 
in the form of carbon (coke), sulfur and other volatile components were deposited on 
the spent catalyst. TGA analysis revealed that weight % of volatile impurities was 
lower for Type I catalyst compared to Type II spent catalyst. Major portion of carbon 
deposits in Type I spent catalyst was in the form of hard coke, whereas small amounts 
of soft and laid coke were also identified. Type II catalyst contained almost no soft 
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coke and coke was predominately in the form of hard coke burnt off with sulfur from 
350-550 °C. Decoking time of 8 hours at 600 °C in the presence of air was found to 
be most effective for removal of coke and other impurities. BET studies showed that 
decoking lead to an increase the surface area of both types spent catalyst due to 
removal of coke and impurities deposited on the catalyst surface and inside the pores. 
Surface area of bioleached catalyst was even higher than the surface area of fresh 
catalyst mentioned in the literature. Smooth surface and absence of impurities (seen in 
the coked catalyst surface) was observed in SEM images of decoked catalyst.  
 
SEM-EDX also demonstrated heterogenous distribution of metals on catalyst surface. 
XPS and SEM-EDX added evidence of coke and sulfur removal after decoking. Both 
XPS and XRD data confirmed the oxidation of metal sulfides present in coked 
catalyst to metal oxides. Weight and atomic ratio of C/Al and S/Al decreased, 
whereas O/Al increased after decoking indicating reduction in C and S content and 
increase in oxides concentration. Another proof was the absence of some the peaks of 
metal sulfides in decoked catalyst that were detected in coked catalyst. Mo and Fe 
compounds with different oxidation states were also examined. Mo was present in 
both +4 and +6 oxidation state as MoS2, MoO3 and MoO2 in both Type I and Type II 
coked catalyst. Iron was primarily present in +2 oxidation as FeS in Type II coked 
catalyst and in +3 oxidation state as Fe2O3 in decoked catalyst. XPS data was 
consistent with XRD results as most of the metal compounds identified by XPS were 
detected by XRD as well. XRD identified peaks for to γ-aluminium (Al2O3), MoS2, 
NiSO4 in coked catalyst and γ-aluminium (Al2O3), MoO3, MoO2 and NiO in decoked 
catalyst as the major metals compounds in Type I catalyst. Type II catalyst consisted 
of γ-aluminium (Al2O3), Mo2S3, NiS, FeS in coked catalyst and  γ-aluminium (Al2O3), 
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Fe2O3 , MoO3, MoO2, NiO in the decoked catalyst. TCLP studies showed that spent 
catalyst was listed as hazardous waste as Ni concentration exceeded the regulatory 
level set by National environment Agency (Singapore) and treatment standards of 
hazardous waste set by USEPA (U.S. Environmental Protection Agency, 1998). Ni 
was not detected in bioleached catalyst, rendering it safe for disposal. 
 
 
9.1.2 Bioleaching of Type I and Type II spent catalyst with 
thermophilic bacteria Acidianus brierleyi 
 
 
Bioleaching potential of thermophile Acidianus brierleyi was demonstrated for two 
types of spent hydrotreating catalyst. Irrespective of the type and pretreatment 
condition (decoking), A,brierleyi was able to successfully leach all heavy metals. 
Spent medium leaching proved to be most efficient, whereas one step leaching was 
least effective amongst all three bioleaching methods examined. This is due to the 
lower pH of the spent medium harvested on day 20 of A. brierleyi culture compared 
to pH of A. brierleyi culture for two step and one step leaching at the time of catalyst 
addition. Reason for poor performance of one step leaching was that bacteria were 
unable to survive in the toxic environment of spent catalyst.  
 
Decoking had marked effect on leaching characteristics of heavy metals, especially 
Mo. Decoking not only eliminated coke from catalyst surface and inside the pores, but 
also caused migration of metals such as Mo towards the outer edges of the catalyst. 
This improved the accessibility of metabolites for metal leaching leading to higher 
extraction. Decoking also affected the solubility of metal compounds by oxidizing 
metal sulfates to their respective metal oxides. For Type I spent catalyst, decoked 
catalyst was more effective for of all three metals. More than 90% recovery was 
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achieved for Mo (93%) and Ni (98%) and 76% for Al from decoked catalyst. Spent 
medium leaching showed most significant improvement for Al leaching, which 
increased by 60% (decoked catalyst) and 26% (coked catalyst) compared to two step 
leaching. For Type II catalyst, maximum extraction efficiency achieved by spent 
medium leaching was 90% Fe, 99% Ni and 67% Al from coked catalyst and 98% Mo 
from the decoked catalyst. Al extraction from spent medium leaching increased by 
56% for the coked catalyst and 50% for the decoked catalyst while Fe extraction 
increased by 59% for the coked catalyst. Microbially produced sulfuric acid was 
found to be the controlling factor influencing metal leaching. Efficient spent medium 
leaching compared to two step leaching also indicates non contact mechanism of 
Acidianus bioleaching. Chemical leaching performed with 80-85 mM commercial 
sulfuric acid (acid concentration during two step leaching of Type I and Type II spent 
catalyst) was compared with two step leaching by A. brierleyi.  Bioleaching showed 
higher leaching efficiency (up to 30%) for Mo and Ni, whereas chemical leaching 
efficiency for Al and Fe was higher than bioleaching due to lower pH of commercial 




9.1.3 Bioleaching of Type I and Type II spent catalyst with 
mesophilic bacteria Acidithiobacillus thiooxidans 
 
Bioleaching performance of mesophilic strain A.thiooxidans was evaluated for two 
types of spent hydrotreating catalyst and compared with leaching efficiency of 
thermophilic strain. Sulfuric acid was the main leaching agent for both 
microorganisms and higher the acid production, higher was the dissolution kinetics. 
Culture pH was observed to be the determining factor for the dissolution process. 
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Lowest pH measured during A. brierleyi growth was 0.66, whereas A.thiooxidans was 
able to bring down the pH to 1.13. Both microorganisms were able to leach heavy 
metal from two types of spent catalyst. Both bacteria followed non-contact 
mechanism of bioleaching. The extent and rate of bioleaching however, was 
significantly higher from high temperature leaching. A. brierleyi leaching 
performance was 23-32% for Type I coked catalyst and 10-50% higher for Type I 
decoked catalyst. In case of Type II catalyst, thermophilic leaching was 17-52 % 
higher for coked catalyst and 3-34% higher for decoked catalyst. Mesophilic leaching 
characteristics for Type II coked and decoked catalyst were similar to that from 
thermophile leaching. Higher concentration of sulfuric acid produced by A. brierleyi 
during its microbial growth was responsible for superior leaching capacity of 
thermophilic bacteria. This demonstrates the feasibility and efficacy of high 
temperature leaching by thermophiles over mesophile leaching. Highest leaching 
efficiency obtained from spent medium leaching of Type I catalyst were 31% Al, 65% 
Ni from coked catalyst and 83% Mo from decoked catalyst. Maximum extraction 
from Type II catalyst was 34% Al, 38% Fe, 50% Ni from coked catalyst and 74% Mo 
from decoked catalyst.  
 
 
9.1.4 Effect of sulfur concentration, pH, pulp density and particle size 
on bioleaching of Type II spent catalyst by A. brierleyi 
 
 
Effect of bioleaching process parameters such as sulfur concentration, initial medium 
pH, pulp density and particle size was investigated for spent medium leaching of 
Type II spent catalyst by Acidianus brierleyi. Optimum conditions for bioleaching 
were 10g/L sulfur, pH 2, 2% pulp density and 100-150 µm size. Change in sulfur 
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concentration did not affect leaching kinetics to a great extent in comparison to 
change in initial medium pH, pulp density and particle size. Bacteria failed to grow in 
the Acidianus medium when sulfur was replaced by iron (Fe2+ ions) as the energy 
source. In contrast, increasing sulfur concentration from 5 to 20g/L was able to 
improve microbial acid production. 5g/L sulfur was not sufficient for microbial 
growth, resulting in reduced leaching efficiency compared to 10g/L and 20g/L.  
Above the threshold sulfur concentration (10g/L), leaching efficiency did not increase 
significantly with increase in nutrient concentration (20g/L).  
 
Spent medium leaching obtained from bacteria cultured in initial medium pH (2, 1.5 
1) showed that initial medium pH 2 was the optimum pH for ideal microbial growth 
and efficient leaching kinetics. A. brierleyi was able to survive at the pH range 1-2, 
but maximum acid production (indicated by the more rapid decrease in initial medium 
pH) was achieved by bacteria grown at initial medium pH 2. Metal leaching 
efficiency at initial medium pH 2 was higher than at pH 1.5 by 10-47% and higher 
than pH 1 by	  3-23%. Maximum metal extraction was observed at pH 2 and minimum 
extraction at pH 1.5. Metal dissolution was higher at pH 1 than pH 1.5 due to higher 
H+ concentration added in the beginning of inoculation to maintain medium.  This is 
evident from enhanced metal dissolution by medium controls at pH 1 than pH 1.5 and 
2.  
 
Leaching studies with increasing pulp density (PD) revealed 2% PD (20 g/L) as the 
optimum solid to liquid ratio compared to 1% (10 g/L) and 4% (40 g/L) PD. Except 
Mo, highest extraction efficiency was obtained at 2% PD and lowest at 4% PD. 
Highest Mo leaching was attained at 1% PD for both coked and decoked catalyst. 
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Leaching efficiency increased by 1-18% when pulp density was increased to 2% PD, 
whereas further increase to 4% PD led to 4-38% decrease in leaching efficiency. 2% 
PD was the maximum tolerance limit for Acidianus spent medium leaching as metal 
extraction decreased with further increase in pulp density. 
 
Effect of varying particle size range from <45 µm to 100-150 µm showed an increase 
in metal extraction with increasing size. Bioleaching efficiency improved by 8-22% 
for coked catalyst and 1-36% for decoked catalyst. Similar trend was observed for 
fresh medium (control) of 100-150 µm size as well.  The shape of spent catalyst 
masked effect of decreasing particle size. 100-150 µm and 45-100 µm size range had 
higher specific surface area compared to < 45 µm due to its symmetrical and spherical 




9.1.5 Statistical analysis and bioleaching kinetics of Type II spent 
catalyst by A. brierleyi 
 
 
Chemical reaction controlled, film diffusion controlled and product layer diffusion 
controlled rate equations of the shrinking core model was used to explain the 
dissolution behavior of solid particles in liquids. Experimental data showed that 
diffusion through the product layer was the rate determining step of the bioleaching 
reaction. Bioleaching data was suitably fitted to first order kinetic model. First order 
rate equation was used to predict the unified bioleaching rate, considering the 
influence of leaching parameters such as pulp density, pH, sulfur concentration and 
particle size as parameter order (n1 for pH, n2 for pulp density, n3 for particle size and 
n4 for sulfur concentration). Highest order values for pH showed its significant impact 
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on the leaching efficiency. Increasing initial medium pH from 1 to 2 was favorable for 
leaching efficiency, illustrated by positive pH order values for most metal.  Negative 
order values of pH for Al and Fe leaching from decoked catalyst was due to higher 
leaching efficiency resulting from increased solubility of Al and Fe at pH below 1.5. 
Detrimental effect of increasing pulp density from 1% to 4% was shown by the 
negative n2 values for most metals. Both positive and negative correlation was seen 
for particle size due higher leaching efficiency of <45 µm size or 100-150 µm size 
compared to 45-100 µm size. Positive order values of sulfur concentration indicated 
that leaching efficiency increased with increase in sulfur concentration. 
 
Statistical analysis using multiple linear regression analysis (MLRA) predicted the 
best set of coefficient for five leaching parameters: bioleaching time, pH, pulp 
density, sulfur concentration and particle size. Similar to pH order values, most 
significant contribution was shown from pH, with positive coefficient for all metals, 
except for Al and Fe leaching from decoked catalyst. Negative coefficient for pulp 
density indicated that higher pulp density was detrimental for leaching efficiency. 
Only exceptions were the positive coefficient for Fe and Ni leaching from decoked 
catalyst. This was due to sparingly soluble nature of Fe and Ni oxide forms in the 
decoked catalyst, with higher pulp density increasing the availability of soluble metal 
compounds in the leachate. Positive coefficient for bioleaching time, particle size and 
sulfur concentration showed that leaching efficiency increased with increase in 
parameter value. This was consistent with our experimental data. MLRA predicted the 
best set of parameters with 99% confidence. A good correlation factor (R2=0.92) 
between observed and theoretical values of leaching efficiency for different 
parameters was observed. 
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9.2 Limitations and recommendations  
 
There are few limitations of this study that need to be addressed to establish the 
economic feasibility of thermophile bioleaching. The major drawback of utilizing 
thermophilic microorganisms is the higher energy input required for its growth. 
Approximately, an additional amount of 84.4 Joules per cubic feet of air is required to 
increase the temperature from 30 to 70 °C. It can be argued that higher leaching 
efficiency can outweigh the higher production cost due to higher energy input. Still, it 
is advisable to consider an economic balance (between higher production cost due to 
excess energy and improvement in leaching efficiency) before proceeding with using 
thermophilic microbes for bioleaching. 
 
Bioleaching microorganisms growing at temperatures > 70 °C and low pH, belong to 
thermoacidophiles phylum under the archaea kingdom. Such microbes are known as 
extreme thermophiles; they lack a rigid cell wall and are sensitive to high solid 
content and metallic ion concentration. Efficiency of these microbes is compromised 
at high solid concentration. Lower solubility of O2 and CO2 in water at elevated 
temperature might lead to gas liquid transfer limitation that can also hinder 
bioleaching kinetics. [31, 32]. Our study also reveals that A.brierleyi was unable to 
grow in the presence of spent catalyst. Maximum production of metabolites for 
efficient leaching was achieved in 20-25 days. One way is to use moderate 
thermophiles (those growing around 45-60 °C) instead of extreme thermophiles. 
Previous studies have shown that moderate thermophiles have a shorter lag phase and 
are able to efficiently leach at high pulp densities [22, 168].  Moderate thermophiles 
such as Sulfobacillus genus can aide in conserving energy, avoid gas transfer 
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limitations and achieve improved leaching yield at high pulp densities. Previous 
studies using mesophiles have shown that using mixed cultures of bioleaching 
microorganisms instead of pure culture can enhance leaching kinetics [12]. Mixed 
cultures of moderate and extreme thermophiles can be utilized for successful leaching 
[65, 191]. 
 
Another approach to enable bacteria to grow in the toxic environment of industrial 
waste is to adapt the bacteria to small concentrations of waste or metal ions first. 
Isolating microbes from suitable environment and adapting them to increasing solid 
content can increase tolerance of bioleaching microbes [95]. Konishi et al. reported 
that A.brierleyi was able to grow in the presence of sphalerite ore when it was adapted 
to 1% pulp density by multiple transfer technique [77].  
 
Bioleaching potential of A.brierleyi has been demonstrated for bench scale leaching 
of spent catalyst. In order to realize its application in industrial scale, scale up studies 
from bench scale to pilot plant can be performed. Continuous stirred tank reactor 
(CSTR) has been utilized to leach iron pyrite from 10 L of A.brierleyi culture [66].  
 
Experimental data showed that decoking of spent catalyst lead to significant increase 
in Mo extraction compared to other metals. Similar studies with other types of spent 
catalyst are recommended to investigate if such a trend is observed in all cases. This 
can be utilized for selective leaching of Mo, which reduce the recovery cost.   
 
Examination of the three particle size ranges <45 µm, 45-100 and 100-150 µm of 
Type II spent catalyst showed that highest leaching efficiency was observed for 
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catalyst with largest particle size 100-150 µm. Further experiments with bigger 
particle size was not possible as major portion of the type II catalyst received from the 
supplier was smaller than 150 µm. Detailed investigation of bigger particle size range 
and their shapes would enhance our understanding on the effect of particle size on 
leaching efficiency.  
 
Statistical analysis was performed to establish the significance of experimental data 
and relative contribution of important bioleaching parameters. However, effectiveness 
of bioleaching is also dependent on some other factors in the system such as (i) 
carbon source and oxygen supply, (iii) temperature of leaching environment, (iv) pre-
culture period and inoculum used, (v) resistance of microorganisms to metal ions, (vi) 
physical and chemical states of the solid etc. Investigating of so many factors was not 
possible due to time constraints. Central composite design (CCD) can be considered 
to examine the effect of numerous parameters together, especially to reveal any 
interactions that may occur between leaching parameters. CCD considers a matrix of 
all combinations of the operating variables and indicates importance of individual 
parameters as well as possible interactions between bioleaching parameters [192].  	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APPENDIX A: EXPERIMENTAL METHODS 
 




• Transfer 1 g (dry weight) of sample to a digestion vessel. 
• Add 10 ml of 1: 1 HNO3 to the sample. Mix the slurry and cover with a watch glass. 
• Heat the sample to 95 °C ± 5 °C and reflux for 10-15 minutes without boiling 
• Allow sample to cool, add 5ml of concentrated HNO3 , replace the cover and reflux 
for 30 minutes. If brown fumes are generated, repeat this step until no brown fumes 
are given off by the sample. 
• Heat the solution at 95 °C ± 5 °C without boiling for 2 hours. 
• Allow sample to cool. Add 2 ml of water and 3 ml of 30% H2O2 and continue 
warming to start the peroxide reaction. 
• Continue to add 30% H2O2 in 1ml aliquots with warming until the effervescence is 
minimal or until the general sample appearance is unchanged. 
• Continue to heat acid- peroxide digestate at 95 °C ± 5 °C without boiling, for 2 hours. 
• Add 10 ml concentrated HCl to the sample digest and reflux at 95 °C ± 5 °C for 15 
minutes. 
• After cooling, dilute to 100 ml with deinonised water. Particulates in the digestate are 
removed by centrifugation at 2000-3000 rpm for 10 minutes. Samples are ready for 
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A2. Toxicity Characteristic Leaching Procedure (US EPA SW 846 Method 1311) 
 
Determination of appropriate extraction fluid  
 
• Transfer 5.0 g of the waste to a 500 ml beaker. 
• Add 96.5 ml of reagent water to the beaker, cover with a watch glass and stir 
vigorously for 5 minutes using a magnetic stirrer. 
• Measure the pH. If the pH is < 5.0, use extraction fluid # 1. 
• If the pH is > 5.0, add 3.5 ml 1N HCl, slurry briefly, cover with watch glass, heat 
to 50 C for 10 minutes. 
• Let the solution cool to room temperature and record the pH. If the pH is < 5.0, 
use extraction fluid #1.Otherwise, use extraction fluid # 2 
 
Preparation of TCLP extraction fluid:  
• Extraction fluid # 1: Add 5.7 ml glacial CH3CH2COOH to 500 ml of reagent 
water, add 64.3 ml of 1N NaOH and dilute to a volume of 1 liter. When correctly 
prepared, the pH of the fluid will be 4.93 ± 0.05. 
• Extraction fluid # 2: Dilute 5.7 ml glacial CH3CH2COOH with reagent water to a 




• Add an amount of extraction fluid equal to 20 times the weight of the solid phase 
to the solid (20 ml : 1gm ) 
• Close the extractor bottle tightly, secure the in rotary agitation device and rotate at 
30 ± 2 rpm for 18 ± 2 hours. The extraction is conducted at room temperature 
• Following the 18 ± 2 hour extraction, separate the material in the extractor vessel 
into its component liquid and solid phases by filtering through a 0.45 µm glass 
fiber filter. 
• Following the collection of TCLP extract, the pH of the extract is recorded. The 
samples are ready for analysis by ICP-MS 
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A3. Sulfate Analysis (Turbidimetric method) 
 
Reagents: 
• Conditioning reagent: Mix 50 ml glycerol with a solution of 30 ml conc. HCl, 300 
ml deionised water, 100 ml 95 % ethyl alcohol and 75 gm sodium chloride. 
• Stock sulfate solution: Dissolve 1.479 anhydrous sodium sulfate NaS2O4 in 
deionised water and dilute to 1L. 
• ml = 1000 µg SO4- 
 
Procedure: 
• Measure a 100 ml sample (or an aliquot diluted to 100ml ) into a 250 ml 
Erlenmeyer flask. 
• Add exactly 5.00 ml of conditioning reagent. 
• Mix, using magnetic stirrer and stirrer bar. (Set stirrer at same speed and use 
magnetic stirrer of identical shape and size). 
• While solution is still stirring, add a scoop of Barium chloride (0.2-0.3 gm) and 
begin timing immediately. 
• Stir exactly for one minute. 
• After 4 minutes from the end of stirring period, measure absorbance at 420 nm. 
 
Standardization: 
• Concentration range:  1 mg SO4-  to 30 mg SO4- 
• 1 ml of stock solution diluted upto 100 ml = 10 mg SO4- /L 
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APPENDIX B: EXPERIMENTAL DATA  
 
B1: PHYSICAL AND CHEMICAL CHARACTERIZATION OF SPENT 
CATALYST TYPE I AND TYPE II SPENT HYDROTREATING CATALYST 
 
 
B1.1: Weight loss (%) Vs time after decoking of Type I and Type II catalyst at 600 
ºC. 
 Weight loss (%) 
Time (hour) Type I spent catalyst Type II spent catalyst 
4 16.5 12.274 
6 20.507 14.279 
8 24.9 20.507 
10 25.86 21.023 
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B2: BIOLEACHING OF TYPE I AND TYPE II SPENT HYDROTREATING 
CATALYST BY A. BRIERLEYI 
 
 
B2.1: pH, Optical density and sulfate concentration of Acidianus brierleyi culture at 

























0 20.13 16.02 
2 23.81 21.48 
4 29.95 24.40 
6 40.18 25.05 
7 41.53 23.83 
9 56.82 28.34 
11 88.89 35.22 
13 125.06 34.87 
15 147.58 39.83 
17 159.38 42.16 
19 191.30 48.26 
21 212.75 48.54 
23 182.31 52.61 













0 2.00 2.08 0.06 
2 1.84 2.00 0.18 
4 1.76 1.96 0.24 
5 1.69 1.93 0.25 
6 1.55 1.93 0.27 
8 1.59 1.94 0.27 
10 1.51 1.92 0.30 
12 1.40 1.95 0.37 
14 1.19 1.94 0.45 
16 0.92 1.91 0.56 
18 0.84 1.93 0.71 
20 0.66 1.93 0.77 
22 0.78 1.92 0.47 
24 0.83 1.88 0.37 
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B2.2: pH profile of one step bioleaching of Type I spent catalyst. 
 
 
Type I spent catalyst 
pH (One step leaching) 





Bioleached Control Bioleached Control 
0 1.76 1.69 1.93 1.93 
2 2.28 2.24 2.67 2.74 
7 2.45 2.44 3.04 3.14 
9 2.58 2.53 3.10 3.12 
11 2.54 2.53 3.16 3.21 
13 2.72 2.76 3.31 3.33 
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B2.3: pH profile of two step and spent medium bioleaching of Type I spent catalyst. 
 
Type I spent catalyst 






Bioleached Control Bioleached Control 
0 2.11 2.11 2.11 2.11 
2 2.04 2.12 2.01 2.1 
5 1.96 2.23 1.9 2.23 
6 1.81 2.11 1.71 2.15 
7 2.38 2.69 2.75 2.94 
9 2.48 2.7 2.93 3.04 
11 2.44 2.68 2.95 3.14 
16 2.43 2.65 3.11 3.37 




Type I spent catalyst 
pH (Spent medium leaching) 
Time 
(Day) 
Coked Catalyst Decoked catalyst 
Bioleached Control Bioleached Control 
0 0.51 2.08 0.61 2.08 
1 0.77 2.25 0.86 2.87 
3 0.79 2.28 1.00 2.83 
5 0.75 2.25 0.97 2.83 
7 0.69 2.23 0.90 2.82 
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B2.4: Metal leaching efficiency for two step and spent medium bioleaching of Type I 
spent catalyst (BL: bioleached, Con: fresh medium control). 
Type I spent catalyst (Two step leaching) 
Coked Catalyst Decoked catalyst 
Time 
(Day)  Al Ni Mo Al Ni Mo 
2 
BL 21.42 26.54 12.66 12.33 68.01 66.72 
Con 13.13 15.74 7.69 6.74 54.81 63.52 
4 
BL 23.86 33.85 16.38 12.62 71.58 67.50 
Con 15.52 25.44 12.90 7.00 55.77 64.05 
6 
BL 25.11 39.45 19.57 13.43 75.88 69.43 
Con 15.73 28.36 13.88 7.67 56.82 63.95 
9 
BL 25.85 52.86 22.42 14.27 78.63 71.88 
Con 16.91 30.30 17.81 8.02 63.59 65.19 
12 
BL 26.47 70.22 26.06 15.20 80.47 72.27 
Con 16.79 42.25 18.31 8.21 64.44 65.97 
14 
BL 28.20 76.93 30.26 16.24 86.48 78.28 
Con 17.63 51.53 18.54 8.46 69.27 66.88 
 
Type I spent catalyst (Spent medium leaching) 
Coked Catalyst Decoked catalyst 
Time 
(Day) Al Ni Mo Al Ni Mo 
1 
BL 31.36 35.48 51.16 37.53 77.59 75.49 
Con 11.39 17.20 42.87 3.96 45.32 49.50 
3 
BL 49.42 75.36 54.29 61.33 82.66 78.67 
Con 12.81 58.72 45.67 2.72 48.29 65.62 
5 
BL 51.63 81.46 60.96 75.07 96.58 92.03 
Con 12.16 70.41 44.75 5.38 53.27 63.34 
7 
BL 54.78 85.68 69.95 76.24 96.72 89.20 
Con 14.45 80.87 46.85 4.02 64.08 56.60 
9 
BL 53.66 88.88 76.47 76.05 98.24 93.22 
Con 17.39 83.71 39.84 2.98 61.38 56.02 
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B2.5: pH profile of two step and spent medium bioleaching of Type II spent catalyst 
(BL: bioleached, Con: fresh medium control). 
 
 
Type II spent catalyst 






BL Con BL Con 
0 1.88 2.09 1.82 2.04 
2 1.74 2.07 1.74 2.03 
4 1.67 2.04 1.66 2.01 
5 1.5 2.03 1.58 1.99 
6 1.49 2.02 1.55 1.96 
7 3.83 4.15 1.98 2.41 
10 2.89 3.78 2.04 2.37 
13 2.85 3.7 2.07 2.47 
16 2.74 3.69 2.08 2.45 
19 2.5 3.5 2.1 2.42 
 
 
Type II spent catalyst 






BL Con BL Con 
0 0.96 1.91 1.10 1.91 
1 1.35 4.38 1.34 3.17 
3 1.34 4.25 1.35 3.16 
5 1.34 3.67 1.52 3.15 
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B2.6: Metal leaching efficiency for two step and spent medium bioleaching of Type 
II spent catalyst (BL: bioleached, Con: fresh medium control). 
 
 Type II spent catalyst (Two step leaching) 
 Coked Catalyst Decoked catalyst 
Time 
(Day) 

































































































Type II spent catalyst (Spent media leaching) 
 Coked Catalyst Decoked catalyst 
Time 
(Day) 
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B2.7: Maximum metal extraction after one step, two step bioleaching and spent 
media leaching of Type I spent catalyst. 
 
 
Type I spent catalyst 






BL Con BL Con 
Al 23.1 15.9 12.3 8.4 
Ni 11.8 13.8 70.0 47.8 




Type I spent catalyst 






BL Con BL Con 
Al 28.2 17.6 16.3 8.5 
Ni 76.9 51.5 84.9 64.1 




Type I spent catalyst 






BL Con BL Con 
Al 53.7 17.4 76.1 4.0 
Ni 88.9 83.7 98.2 73.8 
Mo 76.5 46.8 93.2 56.1 
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B2.8: Maximum metal extraction after two step bioleaching and spent media 




Type II spent catalyst 
Two step leaching Spent medium leaching 
Coked catalyst Decoked catalyst Coked catalyst Decoked catalyst 
BL Con BL Con BL Con BL Con 
Al 10.8 2.0 15.4 5.0 67.0 3.7 65.0 3.9 
Fe 31.8 10.5 0.7 0.4 90.3 10.2 3.4 0.5 
Ni 95.7 54.3 44.0 29.0 98.7 85.0 40.7 33.1 
Mo 2.6 0.2 72.6 48.6 27.1 4.4 98.4 76.6 
 
 
B2.9: Analysis of Bioleached residue 
 
Element 
Analysis of Bioleached residue 
Type I catalyst Type II catalyst 
Coked catalyst Decoked catalyst Coked catalyst Decoked catalyst 
Leachate Residue Leachate Residue Leachate Residue Leachate Residue 
Al 53.7 39.8 76.1 14.3 67.0 30.0 65.0 35.0 
Fe - - - - 90.3 3.9 3.4 85.0 
Ni 88.9 6.8 98.2 0.6 98.7 1.3 40.7 55.3 
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B2.10: Sulfuric acid concentration for one step and two step bioleaching of Type I 
spent catalyst and two step bioleaching of Type II spent catalyst. 
 
 
One step leaching of Type I spent catalyst 
Days Coked bioleached Coked control Decoked Bioleached Decoked control 
0 0.00 0.00 0.00 0.00 
3 38.84 32.89 54.10 37.87 
6 54.10 35.49 47.50 37.20 
9 54.10 37.87 54.10 32.78 




Two step leaching of Type I spent catalyst 
Days Coked bioleached Coked control Decoked Bioleached Decoked control 
0 47.17 37.65 50.00 37.87 
4 43.28 37.87 50.96 32.57 
7 46.53 32.57 52.37 43.28 
9 65.60 53.32 57.35 37.87 
12 82.44 54.10 54.80 44.10 
16 77.68 53.55 53.70 48.69 




Two step leaching of Type II spent catalyst 
Days Coked bioleached Coked control Decoked bioleached Decoked control 
0 23.34 20.04 17.05 17.05 
2 25.82 23.69 20.04 18.86 
4 29.28 27.42 21.55 21.16 
6 43.71 43.93 23.34 21.73 
7 45.72 48.88 33.87 30.41 
10 58.58 63.93 45.72 44.07 
13 72.68 78.91 42.25 47.08 
16 74.59 82.12 44.76 48.19 
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B3: BIOLEACHING OF TYPE I AND TYPE II SPENT HYDROTREATING 
CATALYST BY A. THIOOXIDANS 
 





















0 1.95 2.22 0.015 0 45.90 10.22 
2 1.86 2.23 0.034 2 48.83 19.24 
4 1.34 2.25 0.125 4 52.09 20.67 
6 1.30 2.18 0.167 6 61.55 20.51 
8 1.12 2.13 0.169 8 61.71 19.40 
10 1.18 2.18 0.178 11 62.77 20.29 
12 1.18 2.17 0.179 13 60.94 19.79 
14 1.18 2.15 0.180 15 62.88 19.02 
 
 
B3.2: pH profile of two step bioleaching of Type I spent catalyst.  
Type I spent catalyst 
(Two step leaching) 
Time 
(Day) 
Coked catalyst Decoked catalyst 
Bioleached Control Bioleached Control 
0 1.305 2.225 1.315 2.225 
2 1.455 2.395 2.07 3.235 
4 1.435 2.405 2.115 3.295 
6 1.455 2.36 2.3 3.285 
8 1.73 2.58 2.265 3.525 
10 1.69 2.475 2.39 3.555 
12 1.755 2.445 2.38 3.45 
14 1.7 2.42 2.46 3.545 
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B3.3: pH profile of spent medium bioleaching of Type I spent catalyst.  
Type I spent catalyst 




Coked catalyst Decoked  catalyst 
Bioleached Control Bioleached Control 
0 1.165 2.495 1.145 2.3 
1 1.36 2.4 1.55 3 
3 1.375 2.39 1.61 3.165 
5 1.37 2.595 1.705 3.355 
7 1.34 2.525 1.6 3.46 
10 1.18 2.53 1.51 3.49 
12 1.22 2.5 1.68 3.625 
14 1.38 2.49 1.7 3.38 
 
 
B3.4: pH profile of spent medium bioleaching of Type II spent catalyst.  
Type II spent catalyst 




Coked catalyst Decoked catalyst 
Bioleached Control Bioleached Control 
0 2.07 1.18 2.08 1.18 
1 2.9 1.87 2.72 1.66 
3 4.37 3.75 2.83 1.87 
5 4.12 3.69 2.87 1.75 
7 4.14 3.46 2.89 1.77 
10 3.97 3.29 2.87 1.76 
12 3.77 3.12 2.9 1.73 
14 3.66 2.98 2.9 1.73 
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B3.5: Maximum metal extraction efficiency for mesophilic and thermophilic 




Type I spent catalyst 
Mesophile A.thiooxidans Thermophile A.brierleyi 
Coked catalyst Decoked catalyst Coked catalyst Decoked catalyst 
BL Con BL Con BL Con BL Con 
Al 30.99 11.99 25.51 2.09 53.70 17.40 76.10 4.00 
Ni 64.91 64.12 61.72 53.37 88.90 83.70 98.20 73.80 




B3.6: Maximum metal extraction efficiency for mesophilic and thermophilic 




Type II spent catalyst 
Mesophile A.thiooxidans Thermophile A.brierleyi 
Coked catalyst Decoked catalyst Coked catalyst Decoked catalyst 
BL Con BL Con BL Con BL Con 
Al 34.2 5.95 27.1 2.54 67.00 3.70 65.00 3.90 
Fe 38.03 18.15 1.16 0.2 90.30 10.20 3.40 0.50 
Ni 49.55 46.06 34.42 30.03 98.70 85.00 40.70 33.10 
Mo 10.73 3.67 74 42.3 27.10 4.40 98.40 76.60 
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B4: EFFECT OF SULFUR CONCNTRATION, pH, PULP DENSITY AND 
PARTICLE SIZE ON BIOLEACHING OF TYPE II SPENT CATALYST  
 
B4.1: Effect of sulfur concentration on the pH profile of A. brierleyi culture 


















0 1.91 2.00 2.00 2.08 1.91 2.05 
2 1.87 1.84 1.84 2.00 1.89 1.84 
4 1.83 1.86 1.76 1.96 1.81 1.86 
6 1.75 1.84 1.63 1.93 1.67 1.80 
8 1.61 1.81 1.59 1.94 1.51 1.83 
10 1.60 1.79 1.51 1.92 1.44 1.80 
12 1.56 1.86 1.40 1.95 1.24 1.75 
14 1.54 1.80 1.19 1.94 1.09 1.76 
16 1.53 1.79 0.92 1.91 0.96 1.85 
18 1.28 1.80 0.84 1.93 0.62 1.70 
20 1.20 1.80 0.66 1.93 0.40 1.66 
22 1.22 1.86 0.78 1.92 0.32 1.65 
24 1.20 1.80 0.83 1.88 0.40 1.70 
 
B4.2: Effect of optical density on the pH profile of A. brierleyi culture. 
 





0 0.02 0.06 0.06 
2 0.05 0.18 0.16 
4 0.13 0.24 0.20 
6 0.22 0.25 0.23 
8 0.24 0.27 0.35 
10 0.24 0.27 0.38 
12 0.25 0.30 0.42 
14 0.26 0.37 0.52 
16 0.26 0.45 0.60 
18 0.26 0.56 0.73 
20 0.26 0.71 0.80 
22 0.26 0.77 0.86 
24 0.27 0.47 0.80 
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B4.3: Effect of sulfur concentration on the sulfate concentration of A. brierleyi 


















0 16.83 20.14 20.13 16.02 16.92 15.98 
2 23.75 22.14 23.81 21.16 24.73 14.70 
4 29.31 19.91 29.95 23.69 29.67 16.15 
6 35.02 18.99 40.18 24.99 54.61 21.96 
8 49.90 19.00 41.53 23.83 63.33 33.83 
10 55.72 22.34 56.82 28.34 89.23 38.34 
12 84.25 29.22 88.89 35.22 143.93 45.22 
14 84.25 28.87 125.06 34.87 169.43 44.87 
16 85.95 33.83 147.58 39.83 174.90 49.83 
18 85.95 36.16 159.38 42.16 202.10 52.16 
20 89.27 42.19 191.30 48.19 213.61 58.19 
22 91.48 42.54 212.75 48.54 268.47 58.54 
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0 1.2 1.86 1.2 1.86 0.56 1.91 0.7 1.91 0.32 1.65 0.42 1.65 
1 1.64 4.32 1.45 3.12 0.95 4.38 0.94 3.17 0.74 4.03 0.61 2.91 
3 1.69 4.26 1.46 3.15 0.94 4.25 0.95 3.16 0.79 3.9 0.61 2.91 
5 1.68 3.52 1.45 3.17 0.94 3.67 1.12 3.15 0.78 3.32 0.61 2.99 
7 1.68 3.53 1.44 3.18 0.99 3.62 1.14 3.24 0.73 3.27 0.62 3 




B4.5: Metal leaching efficiency (%) of spent medium bioleaching of A. brierleyi culture at 5g/L sulfur concentration. 
 
Effect of sulfur concentration 5g/L 
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 2.52 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 26.18 43.32 53.98 8.56 0.00 6.50 44.16 0.00 24.92 0.44 33.13 53.76 0.00 0.00 29.45 45.90 
3 39.48 61.65 78.44 12.14 2.43 10.10 63.49 0.00 32.03 1.05 33.35 62.19 1.69 0.00 29.11 45.46 
5 49.19 71.30 82.13 22.62 3.30 9.80 72.22 0.00 40.18 1.07 37.55 68.70 1.55 0.00 32.58 51.88 
7 53.86 81.99 87.10 26.64 3.90 6.20 77.84 4.61 46.46 1.27 39.15 67.51 2.59 0.00 32.70 49.01 
9 55.84 79.73 84.05 27.02 4.20 5.70 74.32 4.02 50.67 1.08 38.52 68.96 4.45 0.00 31.02 45.37 	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B4.6: Metal leaching efficiency (%) of spent medium bioleaching of A. brierleyi culture at 10g/L sulfur concentration. 
Effect of sulfur concentration 10g/L 
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 2.52 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 50.34 73.76 70.72 16.64 0.00 8.89 51.98 6.18 31.73 1.96 35.18 91.55 3.62 0.00 27.78 67.54 
3 62.96 90.30 88.10 22.42 0.00 10.22 71.15 5.67 51.09 2.61 37.82 98.42 3.68 0.00 32.09 76.59 
5 66.50 90.20 91.90 24.32 1.35 7.60 75.26 5.31 55.89 2.84 40.77 95.41 3.60 0.00 30.65 75.27 
7 66.63 86.30 90.43 25.95 2.66 5.77 81.31 4.83 59.30 2.83 39.94 92.21 3.93 0.00 33.11 76.05 
9 67.07 83.46 98.66 27.10 3.68 5.69 84.99 4.20 65.06 3.17 38.70 91.12 3.53 0.00 30.67 71.59 
 
B4.7: Metal leaching efficiency (%) of spent medium bioleaching of A. brierleyi culture at 20g/L sulfur concentration. 
Effect of sulfur concentration 20g/L 
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 2.52 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 50.48 79.52 77.32 7.47 0.00 13.64 53.10 5.95 38.86 5.94 34.64 80.06 1.78 0.49 29.45 64.95 
3 64.52 79.31 86.44 24.08 2.10 15.09 73.56 5.74 60.86 5.96 36.84 91.01 4.58 1.17 29.11 74.99 
5 65.33 85.18 90.34 29.74 3.30 14.83 76.59 5.36 62.64 7.84 42.63 95.60 5.57 1.21 32.58 73.49 
7 67.41 92.30 98.09 29.59 6.20 15.27 81.00 4.72 62.20 6.06 42.37 94.01 5.89 1.52 32.70 74.11 
9 66.15 90.84 98.69 29.83 6.00 14.03 86.00 4.11 63.54 6.55 41.20 94.47 4.74 1.41 31.02 74.40 	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0 0.99 1.07 1.56 1.68 2.00 2.08 
2 1.01 1.04 1.48 1.60 1.84 2.00 
4 0.95 1.06 1.44 1.59 1.76 1.96 
6 0.92 1.04 1.34 1.52 1.63 1.93 
8 0.90 1.05 1.32 1.53 1.59 1.94 
10 0.84 1.02 1.29 1.54 1.51 1.92 
12 0.77 1.00 1.26 1.53 1.40 1.95 
14 0.73 0.98 1.22 1.54 1.19 1.94 
16 0.69 0.98 1.24 1.59 0.92 1.91 
18 0.69 0.95 1.22 1.57 0.84 1.93 
20 0.70 0.93 1.13 1.58 0.66 1.93 
22 0.67 0.92 1.18 1.56 0.78 1.92 




B4.9: Effect of initial medium pH on the optical density of A. brierleyi . 
 





0 0.04 0.06 0.06 
2 0.09 0.19 0.18 
4 0.15 0.25 0.24 
6 0.13 0.30 0.25 
8 0.18 0.33 0.27 
10 0.19 0.33 0.27 
12 0.20 0.34 0.30 
14 0.25 0.35 0.37 
16 0.26 0.36 0.45 
18 0.30 0.38 0.56 
20 0.36 0.42 0.71 
22 0.37 0.44 0.77 
24 0.36 0.35 0.47 
 
 
B4.10: Effect of initial medium pH on the sulfur concentration of A. brierleyi 
(Control: Fresh medium). 
 
  Appencides 

















0 108.67 97.22 57.08 47.29 20.13 16.02 
2 109.06 102.46 61.62 50.94 23.81 21.16 
4 110.85 106.08 80.97 56.14 29.95 23.69 
6 130.01 124.44 83.24 59.96 40.18 24.99 
8 141.20 128.43 90.87 64.99 41.53 23.83 
10 150.25 132.85 95.63 61.78 56.82 28.34 
12 166.31 132.36 101.22 62.50 88.89 35.22 
14 174.92 140.19 102.82 61.12 125.06 34.87 
16 181.49 147.46 104.31 65.54 147.58 39.83 
18 192.52 155.70 109.24 72.51 159.38 42.16 
20 200.68 160.13 125.39 74.78 191.30 48.19 
22 192.40 162.36 130.37 80.86 212.75 48.54 
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0 0.84 1.00 0.84 1.02 1.13 1.64 1.13 1.54 0.56 1.91 0.7 1.91 
1 1.23 1.51 0.97 1.11 1.62 3.56 1.22 1.64 0.95 4.38 0.94 3.17 
3 1.25 1.48 1 1.15 1.63 3.21 1.24 1.69 0.94 4.25 0.95 3.16 
5 1.2 1.42 0.94 1.08 1.6 2.86 1.14 1.62 0.94 3.67 1.12 3.15 
7 1.15 1.34 0.9 1.06 1.58 2.69 1.18 1.58 0.99 3.62 1.14 3.24 
9 1.15 1.32 0.86 1.08 1.48 2.64 1.18 1.61 0.99 3.41 1.18 3.22 
 
B4.12: Metal leaching efficiency (%) for spent medium bioleaching of A. brierleyi culture at initial medium pH 1. 
 
Effect of pH 1 
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 2.52 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 49.53 77.47 54.24 9.28 41.94 69.67 40.64 10.66 62.82 11.52 35.68 42.81 35.38 33.48 29.45 13.08 
3 58.50 87.94 59.28 10.19 44.26 73.82 45.90 10.94 67.22 11.53 37.47 47.91 46.98 34.40 29.11 30.90 
5 59.10 88.49 58.97 9.50 43.24 72.73 42.25 9.56 67.92 12.62 38.81 50.50 47.76 35.44 32.58 42.88 
7 57.72 86.40 72.20 10.51 48.84 78.74 48.77 10.33 77.26 13.64 39.45 55.05 59.23 32.53 32.70 47.19 
9 63.69 95.29 73.14 16.64 60.74 89.73 61.19 15.35 77.99 15.28 38.94 60.91 67.64 33.01 31.02 54.33 
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B4.13: Metal leaching efficiency (%) for spent medium bioleaching of A. brierleyi culture at initial medium pH 1.5. 
 
Effect of pH 1.5 
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 2.52 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 33.22 64.98 51.86 9.39 0.00 45.84 42.76 5.37 22.85 6.92 18.44 42.00 10.40 0.00 14.63 8.74 
3 37.90 71.83 56.00 9.17 0.18 45.32 42.67 5.12 37.39 11.93 19.55 47.53 16.90 3.85 16.38 12.43 
5 39.82 74.41 56.76 9.58 6.83 48.90 43.20 4.91 37.15 10.79 22.56 47.95 20.25 3.76 17.89 22.78 
7 39.60 74.60 60.05 9.66 11.07 46.28 45.89 4.58 44.33 11.90 23.46 48.86 23.06 4.30 19.94 37.09 
9 45.95 79.76 60.86 9.79 11.58 41.70 52.29 6.05 54.45 12.15 26.23 50.83 26.24 3.30 21.41 37.79 
 
B4.14: Metal leaching efficiency (%) for spent medium bioleaching of A. brierleyi culture at initial medium pH 2. 
 
Effect of pH 2 
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 2.52 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 50.34 73.76 70.72 16.64 0.00 8.89 51.98 6.18 31.73 1.96 35.18 91.55 3.62 0.00 27.78 67.54 
3 62.96 90.30 88.10 22.42 0.00 10.22 71.15 5.67 51.09 2.61 37.82 98.42 3.68 0.00 32.09 76.59 
5 66.50 90.20 91.90 24.32 1.35 7.60 75.26 5.31 55.89 2.84 40.77 95.41 3.60 0.00 30.65 75.27 
7 66.63 86.30 90.43 25.95 2.66 5.77 81.31 4.83 59.30 2.83 39.94 92.21 3.93 0.00 33.11 76.05 
9 67.07 83.46 98.66 27.10 3.68 5.69 84.99 4.20 65.06 3.17 38.70 91.12 3.53 0.00 30.67 71.59 
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0 0.56 1.91 0.7 1.91 0.66 1.9 0.73 1.87 0.66 1.9 0.73 1.87 
1 0.95 4.38 0.94 3.17 1.26 4.6 1.11 3.21 1.68 4.69 1.22 3.64 
3 0.94 4.25 0.95 3.16 1.25 4.4 1.16 3.37 1.85 4.45 1.29 3.89 
5 0.94 3.67 1.12 3.15 1.27 3.65 1.23 3.33 1.86 3.63 1.42 3.89 
7 0.99 3.62 1.14 3.24 1.26 3.54 1.38 3.28 1.84 3.63 1.64 3.77 
9 0.99 3.41 1.18 3.22 1.23 3.25 1.47 3.51 1.85 3.27 1.82 4.11 
 
 
B4.16: Metal leaching efficiency (%) for spent medium bioleaching of A. brierleyi culture at 1% pulp density. 
 
Effect of 1% pulp density  
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 2.52 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 50.34 73.76 70.72 16.64 0.00 8.89 51.98 6.18 31.73 1.96 35.18 91.55 3.62 0.00 27.78 67.54 
3 62.96 90.30 88.10 22.42 0.00 10.22 71.15 5.67 51.09 2.61 37.82 98.42 3.68 0.00 32.09 76.59 
5 66.50 90.20 91.90 24.32 1.35 7.60 75.26 5.31 55.89 2.84 40.77 95.41 3.60 0.00 30.65 75.27 
7 66.63 86.30 90.43 25.95 2.66 5.77 81.31 4.83 59.30 2.83 39.94 92.21 3.93 0.00 33.11 76.05 
9 67.07 83.46 98.66 27.10 3.68 5.69 84.99 4.20 65.06 3.17 38.70 91.12 3.53 0.00 30.67 71.59 
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B4.17: Metal leaching efficiency (%) for spent medium bioleaching of A. brierleyi culture at 2% pulp density. 
 
Effect of 2% pulp density  
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 1.26 0.00 0.00 0.00 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 53.67 78.93 96.51 17.06 0.56 9.52 10.23 2.41 21.55 5.80 23.54 70.57 6.49 1.06 30.01 44.11 
3 57.89 77.21 98.15 22.22 2.37 6.68 9.78 2.15 27.73 5.50 25.39 73.10 6.45 1.08 31.91 55.40 
5 82.23 97.25 94.59 23.56 4.61 5.48 27.58 2.02 40.34 5.86 30.63 74.21 7.97 0.96 32.88 53.80 
7 84.64 97.82 93.25 22.93 5.71 4.86 36.03 1.90 51.96 6.52 39.78 79.27 8.19 1.26 33.65 53.15 
9 79.96 91.32 91.67 23.27 5.06 3.04 40.89 1.45 65.66 7.11 53.26 82.64 8.82 1.42 35.79 53.70 
 
B4.18: Metal leaching efficiency (%) for spent medium bioleaching of A. brierleyi culture at 4% pulp density. 
 
Effect of 4% pulp density  
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 0.63 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 37.54 75.65 59.05 16.77 0.30 6.50 42.92 1.24 20.97 5.44 26.92 52.17 5.78 0.66 27.00 33.94 
3 37.67 74.91 69.70 16.36 3.27 5.63 53.79 1.06 27.27 5.76 29.66 55.83 7.71 0.69 30.00 40.69 
5 43.68 82.41 78.75 16.96 4.69 4.75 61.23 0.97 35.07 5.71 38.67 58.75 7.29 0.93 31.18 38.24 
7 44.37 84.97 80.53 19.63 5.85 4.38 65.95 0.88 47.34 7.86 54.98 59.82 7.30 3.33 42.22 42.86 
9 47.03 87.80 82.35 22.95 5.33 2.53 66.87 0.68 49.44 7.96 54.79 59.16 7.47 3.48 40.20 44.88 
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0 0.56 1.91 0.7 1.91 0.56 1.9 0.56 1.87 0.56 1.9 0.56 1.87 
1 0.95 4.38 0.94 3.17 0.80 3.58 0.74 2.78 0.76 3.14 0.70 2.58 
3 0.94 4.25 0.95 3.16 0.97 3.59 0.85 2.98 0.82 2.77 0.80 2.77 
5 0.94 3.67 1.12 3.15 1.02 3.30 0.84 2.92 0.80 2.67 0.78 2.67 
7 0.99 3.62 1.14 3.24 1.00 3.29 0.85 2.93 0.82 2.70 0.92 2.70 
9 0.99 3.41 1.18 3.22 1.01 3.15 0.83 2.90 0.80 2.72 0.90 2.72 
 
 
B4.20: Metal leaching efficiency (%) for spent medium bioleaching of A. brierleyi culture at <45µm size. 
 
Effect of particle size (<45µm) 
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 2.52 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 50.34 73.76 70.72 16.64 0.00 8.89 51.98 6.18 31.73 1.96 35.18 91.55 3.62 0.00 27.78 67.54 
3 62.96 90.30 88.10 22.42 0.00 10.22 71.15 5.67 51.09 2.61 37.82 98.42 3.68 0.00 32.09 76.59 
5 66.50 90.20 91.90 24.32 1.35 7.60 75.26 5.31 55.89 2.84 40.77 95.41 3.60 0.00 30.65 75.27 
7 66.63 86.30 90.43 25.95 2.66 5.77 81.31 4.83 59.30 2.83 39.94 92.21 3.93 0.00 33.11 76.05 
9 67.07 83.46 98.66 27.10 3.68 5.69 84.99 4.20 65.06 3.17 38.70 91.12 3.53 0.00 30.67 71.59 
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B4.21: Metal leaching efficiency (%) for spent medium bioleaching of A. brierleyi culture at 45-100 µm size. 
Effect of particle size (45-100µm) 
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 4.61 0.00 0.00 0.00 0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 45.39 71.93 71.37 15.79 1.20 33.08 60.14 12.00 29.16 10.37 32.93 88.47 7.40 0.00 25.51 83.59 
3 59.79 91.33 88.17 26.01 1.56 44.04 73.47 14.89 35.52 8.77 43.24 91.11 7.60 0.00 23.30 81.94 
5 62.88 97.04 91.43 29.10 2.43 41.29 80.36 20.07 54.57 9.41 43.66 92.36 7.19 0.00 25.62 85.04 
7 63.39 87.72 96.49 44.39 3.70 44.58 80.86 19.45 62.67 12.22 47.38 96.83 5.38 0.00 28.09 85.00 
9 60.90 86.87 97.98 43.74 3.55 41.42 77.41 20.22 66.44 12.55 52.37 91.22 6.32 0.00 33.01 79.73 
 
 
B4.22: Metal leaching efficiency (%) for spent medium bioleaching of A. brierleyi culture at 45-100 µm size. 
Effect of particle size (100-150µm) 
Days 
 
Coked Bioleached Coked Control Decoked Bioleached Decoked control 
Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo Al Fe Ni Mo 
0 0.00 10.20 0.00 0.00 0.00 1.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 45.05 81.77 66.56 17.52 2.84 50.43 70.11 11.45 22.40 8.63 39.42 88.00 7.23 4.12 26.82 66.88 
3 70.27 95.41 88.69 22.13 2.76 64.22 80.11 15.40 34.51 10.46 43.77 90.37 8.38 3.89 27.86 78.88 
5 79.27 98.33 88.71 32.86 6.13 63.61 85.28 25.59 55.44 10.40 51.51 92.88 8.26 3.87 27.66 79.58 
7 89.09 97.66 93.72 41.21 7.93 59.42 85.66 29.57 74.30 11.28 61.12 99.12 7.98 4.03 37.10 81.78 
9 88.08 93.90 97.46 44.64 10.30 56.72 83.07 34.49 83.70 15.29 76.74 97.46 7.91 3.53 35.23 70.97 	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B4.23: SEM images of <45 µm size range.  
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B4.24: SEM images of 45-100 µm size range. 
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B4. 25: SEM images of 100-150
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B5.2. Second order plots for bioleaching at pH 2, 1 % PD, <45 µm and 10g/L 
sulfur concentration 
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B5.4. Second order plots for bioleaching at pH 2, 1 % PD, <45 µm and 5g/L 
sulfur concentration 
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B5.6. Second order plots for bioleaching at pH 2, 1 % PD, <45 µm and 20g/L 
sulfur concentration. 
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B5.8. Second order plots for bioleaching at pH 1, 1 % PD, <45 µm and 10g/L 
sulfur concentration. 
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B5.10. Second order plots for bioleaching at pH 1.5, 1 % PD, <45 µm and 10g/L 
sulfur concentration 
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B5.12. Second order plots for bioleaching at pH 2, 2 % PD, <45 µm and 10g/L 
sulfur concentration. 
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B5.14. Second order plots for bioleaching at pH 2, 4 % PD, <45 µm and 10g/L 
sulfur concentration. 
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B5.16. Second order plots for bioleaching at pH 2, 1 % PD, 45-100 µm and 10g/L 
sulfur concentration. 
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B5.18. Second order plots for bioleaching at pH 2, 1 % PD, 100-150 µm and 
10g/L sulfur concentration. 
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